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ABSTRACT 
 
Integrated analysis of channelised fluvial sandbodies and their relationship to 
surrounding fine-grained floodplain fines enables interpretation of avulsion style and 
its links to allogenic and autogenic controls on stratigraphic architecture. A 
fundamental gap in our knowledge still lies in predicting the distribution and 
connectivity of channelised sandbodies generated via avulsion in the stratigraphic 
record. This thesis presents a study of two comparable high-quality fluvial 
successions; the upper Cretaceous Blackhawk Formation of the Wasatch Plateau, 
Utah, U.S.A, and the middle Jurassic Ness Formation of the Brent Field, North Sea, 
U.K.  
 
The aim of this research is to combine the use of aerial photographs, spatial 
statistical analysis (Besag’s L function, lacunarity), fieldwork, and core to investigate 
the spatial distribution, geometry, stratigraphic architecture, and connectivity of 
channelised fluvial sandbodies. The data attained from this study will enhance 
understanding into the way in which fluvial environments operate through time, and 
build upon existing models of fluvial stratigraphic architecture. 
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Analysis of measured section data from both case studies identified environments 
associated with wave-dominated delta plain deposition. Localised stratigraphic 
architecture reveals three styles of channel avulsion: avulsion by incision, avulsion 
by progradation and avulsion by annexation. Spatial statistical analysis reveals three 
styles of stratigraphic channel distribution: channel clustering, compensational 
stacking, and spatial randomness. Sandbody size and distribution, and the 
character, vertical stacking and abundance of lithofacies and palaeosols (entisols, 
inceptisols, histosols) differs locally within the two formations, however such 
variations are not consistent over basin-wide scales. These findings do not conform 
to existing models of alluvial architecture which typically relate such stratigraphic 
patterns to allogenic controls. These results suggest that deposition took place in the 
absence of or independent from any variation in external basin boundary conditions 
(e.g. sea level, tectonics and climate) and thus may be primarily controlled via 
autogenic responses such as avulsion.  
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CHAPTER 1:  INTRODUCTION  
 
This Chapter outlines the rationale, aims, and objectives for this thesis. An overview 
of the thesis format and the contents of each Chapter are also documented.  
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 Chapter 1. 
CHAPTER 1 
INTRODUCTION 
 
1.1 Rationale 
 
Theoretical frameworks derived from mathematical models, alluvial architectural 
models, process-based simulation models, geomorphological principles, and outcrop 
analogues typically argue that alluvial architecture is controlled either by externally 
driven allogenic controls and/or internally generated autogenic responses from the 
fluvial system (Leeder 1978; Allen 1978; Wright and Marriot 1993; Shanley and 
McCabe 1994; Hajek and Wolinsky 2012). In conventional studies of fluvial 
stratigraphy, autogenic and allogenic products correspond to steady internal forcing 
and non-steady external forcing of the fluvial system, respectively (Beerbower 1964; 
Miall, 1996). Muto and others (2007) created the term "autostratigraphy" to define 
successions that develop due to large-scale autogenic changes in response to 
steady dynamic allogenic forcing. A framework was subsequently generated to 
consider autogenic mechanisms as the main driver of stratigraphic architecture. In 
this framework, the term autogenic refers to the stratigraphic features that are 
generated as responses from both steady dynamic external forcing and static 
external forcing (Muto et al. 2007). Differentiating between these allogenic signatures 
and autogenic variations, enables further understanding of channel-belt stacking 
pattern and reservoir connectivity in the subsurface (Larue and Hovadik 2006; 
Powell et al. 2012). Autogenic processes generate two end-member styles of 
channel pattern: Compensational stacking and channel clustering. Compensational 
stacking involves the preferential fill of sediment into topographic lows of the 
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floodplain through deposition, evening out topographic relief and compensating for 
the localisation of deposition (Leeder 1878; Mackey and Bridge 1995; Mohrig et al. 
2000; Jerolmack and Paola 2007; Straub et al. 2009). Hajek and others (2010) 
defined channel clusters as ‘stacks of closely spaced channels organised in a 
preferred spatial position’. Over the past 20 years, research has indicated that 
palaeosols (e.g. vertical and lateral characteristics and degree of maturity) and their 
relationship to channelised fluvial sandbodies can be used to infer the style and 
frequency of avulsion (Kraus 1996; Kraus and Wells 1999; Kraus 2002).  
 
To date, these concepts and models have only been rarely tested against few large-
scale exposures (e.g. Hajek et al. 2010; Chamberlain and Hajek 2015; Villamizar et 
al. 2015). The combined stratigraphic analysis of channelised fluvial sandbodies and 
their relationship to surrounding fine-grained floodplain deposits enables 
interpretation of avulsion style and its links to autogenic and allogenic controls on 
stratigraphic architecture. A fundamental gap still exists in predicting the distribution 
and connectivity of channelised fluvial sandbodies generated via avulsion in the 
stratigraphic record, despite the controls on avulsion being understood to some 
degree via studies of modern rivers and process-based numerical modelling studies. 
Avulsion processes are difficult to interpret from outcrop deposits because fluvial 
architecture often reflects a combination of fluvial processes including channel 
meandering, erosion, bar migration, and avulsion (Chamberlain and Hajek 2015). 
Studies that investigate the connectivity of channelised fluvial sandbodies enable 
better prediction of hydrocarbon reservoir distribution and character in fluvial 
depositional environments of similar size and style (Allen 1978; Fielding and Crane 
1987). Improved understanding of channel migration and the resulting stacking 
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pattern is significant because it provides an insight for such depositional 
environments as potential petroleum reservoirs. The data attained from this study will 
develop understanding into the way in which other large-scale fluvial environments 
operate through time and build upon existing models. 
 
The following two analogues consist of examples of upper-to-lower coastal plain 
successions: (1) the early-to-middle Campanian Blackhawk Formation, Mesaverde 
Group, situated in the Wasatch Plateau, Utah, U.S.A.; and (2) the late Bajocian Ness 
Formation, Brent Group, situated in the Brent Field Province, Northern North Sea, 
U.K. These fluvial successions are significantly large enough, and comprise lots of 
high quality, publically available data to constrain variability of channelised fluvial 
sandbodies and surrounding fine-grained floodplain fines. These studies additionally 
provide regional-scale analogues for many other basin-fill successions. An extensive 
collection of publications by multiple workers (e.g. Kauffman 1984; Kauffman and 
Caldwell 1993; Dubiel et al. 2000; Hampson et al. 2012, 2013) provides detailed 
documentation on the basin context of the Blackhawk Formation. The Ness 
Formation was selected for this analysis because the Brent Field is relatively mature, 
the subsurface dataset is sufficiently robust and extensive, and the history of the 
Brent Field is very-well documented (e.g. Struijk and Green 1991; Bryant and Livera 
1991; Helland-Hansen et al. 1992; Richards 1992; Taylor et al. 2003). 
 
Detailed sedimentary logging of outcrop sections and subsurface cores enables the 
construction of fluvial lithofacies (e.g. Allen 1983; Miall 1996; Bridge 2006), palaeosol 
maturity (Bown and Kraus 1987), and bioturbation intensity classification schemes 
(Taylor and Goldring 1993), to help quantify the proportion and distribution of fluvial 
27 
 
 Chapter 1. 
lithofacies, enable understanding of avulsion style, and support interpretation of 
fluvial processes and controls on stratigraphic architecture. Measured section data of 
the Blackhawk and Ness formations will record lithology, mean grain-size, sorting, 
colour, sedimentary structures, palaeocurrents (where possible), body fossils and 
trace fossil assemblages. Bedding diagrams and hand specimens will be used to 
supplement field logs of the Blackhawk Formation dataset. Lithofacies will be 
described, analysed and associated with other lithofacies to develop a lithofacies 
association scheme. Photomontages of relevant cliff-face exposures in the 
Blackhawk Formation are used to annotate sandbody type and geometry. The 
classification of fluvial deposits at outcrop, and in the subsurface improves 
understanding of depositional processes and controlling mechanisms (e.g. Allen 
1978; Shanley and McCabe 1994; Hofmann et al. 2011), and enables development 
of predictive models which could aid reservoir characterisation.  
 
This thesis will focus on the collection of detailed field data in the Wasatch Plateau, 
and subsurface core data from the Brent Field in order to document the character 
and distribution of channelised fluvial sandbodies and surrounding fine grained 
floodplain deposits and allow for comparison against existing conceptual models of 
fluvial stratigraphy. The geometry, internal architectures, spatial distribution, 
proportion, and connectivity of channelised fluvial sandbodies, and their lateral 
relationships with coeval fine-grained floodplain deposits will be identified using 
fieldwork and core data, subsurface stratigraphic panels from previous literature, and 
wireline log responses.  
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1.2. Thesis Aims 
 
The main aims of this thesis are: 1) to characterise the sedimentological and 
stratigraphic evolution of two alluvial-to-coastal plain successions, to define the main 
processes that control fluvial stratigraphic architecture, 2) determine the spatial 
distribution patterns of sandstone bodies in order to characterise channel 
organisation, and 3) consider how models of fluvial stratigraphy should be modified 
in order to account for autogenic clustering or compensational stacking.  
 
In particular, the detailed documentation of the spatial distribution, geometry, and 
architecture of fluvial lithofacies and their relationship to surrounding overbank fines 
will: 1) improve understanding of the spatial and temporal variability in fluvial-
overbank style and stacking patterns and, 2) help determine whether fluvial 
successions are allogenically controlled (e.g. large-scale allogenic organisation as 
shown in sequence stratigraphic models), operate under autogenic responses (e.g. 
compensational stacking or large-scale autogenic organisation such as avulsion 
driven channel clustering) or display a combination of both. The aims of this research 
are addressed throughout this thesis and revisited in chapter 6. 
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1.3. Thesis Objectives 
 
The objectives of this thesis can be split into the following two sub-groups: 
 
Sedimentology and Stratigraphic Architecture of the Blackhawk Formation 
(Wasatch Plateau, central Utah, U.S.A.) and Ness Formation (U.K. Brent Field 
Province). 
 
• Collect detailed data for channelised fluvial sandbodies and surrounding fine-
grained floodplain fines in the form of measured sections, bedding diagrams, 
palaeocurrents and hand specimen analysis. 
 
• Develop lithofacies, palaeosol, and facies association schemes using outcrop 
and core datasets to characterise the fluvial sedimentology of the Blackhawk 
and Ness formations.  
 
• Annotate aerial photomontages of the Blackhawk Formation, and use 
measured section data from outcrop and core studies of the Blackhawk and 
Ness formations, respectively to define the internal architecture of 
channelised sandbodies and their relationship to surrounding fine-grained 
floodplain fines. These results will enhance understanding into the way in 
which fluvial environments operate at large palaeogeographic and 
stratigraphic scales. 
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• Use data obtained from high resolution measured sections, core, and 2D cliff 
face panels to determine avulsion style and variability in the Blackhawk and 
the Ness formations and define the main processes that control fluvial 
stratigraphic architecture. 
 
• Consider how sequence stratigraphic models should be modified in order to 
account for autogenic clustering or compensational stacking. 
 
Quantitative analysis of the Blackhawk Formation (Wasatch Plateau, central 
Utah, U.S.A.) and Ness Formation (U.K. Brent Field Province). 
 
• Collect a large quantitative dataset to define channel-body geometry, mean 
apparent widths, and true thicknesses of channelised fluvial sandbodies.  
 
• Create 2D panels of the cliff face (Blackhawk Formation), and use cross-
sections of subsurface fluvial stratigraphy (Ness Formation) to apply the 
geostatistical parameters of lacunarity and Besag’s L function. Determine the 
spatial distribution patterns of sandstone bodies in order to characterise 
channel organisation. 
 
• Test previous models of fluvial stratigraphic architecture against data obtained 
from spatial statistical analysis in order to understand which of the controlling 
mechanisms (outlined in background information) operated during deposition 
of the Blackhawk and Ness formations.  
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• Apply understanding from the Blackhawk Formation outcrop analogue and 
subsurface Ness Formation analogue (e.g. core and well-log data) to aid 
prediction of reservoir architecture. 
 
1.4. Thesis Outline 
 
This thesis comprises six chapters and four appendices. Chapters 1 and 2 consist of 
the introduction and provide the background to this study. Chapters 3, 4, and 5 are 
written as scientific papers for publication and fulfil the objectives of this project. At 
the time of thesis submission, manuscript 1 and 2 were published in the Journal of 
Sedimentary Research. Chapter 6 provides a conclusion of this research and 
discusses the wider implications of this study. A summary of each chapter is outlined 
below. 
 
Chapter 2. Literature Review and Scientific Background.  
Chapter 2 comprises a literature review relevant to this study and emphasises the 
following areas of research: (1) fluvial sedimentology and sequence stratigraphy of 
channelised fluvial sandbodies, (2) mechanisms which control the spatial 
organisation of channelised fluvial sandbodies in fluvial stratigraphic architecture, (3) 
avulsion styles and palaeosol analysis, (4) spatial statistical methods for determining 
the spatial distribution of channelised fluvial sandbodies, (5) reservoir characteristics 
of fluvial stratigraphy, and (6) background information associated with the outcrop 
and subsurface analogues used in this study. 
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Chapter 3. Modified from manuscript 1: Facies and Architectural Analysis to interpret 
Avulsion Style and Variability: Upper Cretaceous Blackhawk Formation, Wasatch 
Plateau, central Utah, U.S.A.  
This chapter involves the sedimentological and architectural analysis of the 
Blackhawk Formation in the Wasatch Plateau, central Utah, U.S.A. Lithofacies, 
lithofacies associations, and palaeosols are discussed in order to determine avulsion 
style and variability in the outcrop study. 
 
Yvette S. Flood: Principal investigator and main author. 
Gary, J. Hampson: Co-author, discussion, manuscript review.  
Olivia Sloan: Fieldwork assistance. 
Bryan Bracken: Manuscript review. 
 
Chapter 4. Modified from manuscript 2: Quantitative Analysis of the Dimensions and 
Distribution of Channelised Fluvial Sandbodies within a Large Outcrop Dataset: 
Upper Cretaceous Blackhawk Formation, Wasatch Plateau, Central Utah, U.S.A.  
This chapter uses aerial photographs to determine the dimensions and proportions 
of channelised fluvial sandbodies in the Blackhawk Formation (Wasatch Plateau, 
Central Utah). The geostatistical parameters of lacunarity and Besag’s L function are 
used to determine the spatial distribution of channelised fluvial sandbodies in the 
Blackhawk Formation. These techniques are applied to previous models of fluvial 
stratigraphic architecture for comparison.   
 
Yvette S. Flood: Principal investigator and main author.  
Gary, J. Hampson: Co-author, discussion, manuscript review. 
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Carlos Villamizar: Fieldwork assistance. 
Brian Willis: Manuscript review. 
 
Chapter 5. Analysis of Floodplain Sedimentation, Avulsion Style and Channelised 
Fluvial Sandbody Distribution, middle Jurassic Ness Formation, Brent Field, U.K. 
North Sea.  
This chapter combines the use of core, wireline log responses and architectural 
panels from previous literature in order to determine the spatial distribution of 
channelised fluvial sandbodies in the Ness Formation (Brent Field Province, U.K.). 
The geostatistical parameters of lacunarity and Besag’s L function are used. The 
spatial distribution of lithofacies, lithofacies associations, and palaeosols are 
discussed in order to determine avulsion style and variability in the formation. Spatial 
statistical results are then combined with core descriptions to predict reservoir 
connectivity in the subsurface. 
 
Yvette S. Flood: Principal investigator and main author.  
Gary, J. Hampson: co-author, discussion, chapter review.  
 
Chapter 6. Discussion and Conclusions.  
This chapter summarises the main findings of this thesis, discusses wider 
implications for reservoir potential and provides suggestions for revised models of 
fluvial stratigraphic architecture. The objectives outlined in chapter 1 are revised and 
the results of Chapters 3, 4, and 5 are developed further. Suggestions for future work 
are also discussed. 
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References cited throughout this thesis are listed after Chapter 6. 
Appendices are included after the references. 
 
1.5. List of Publications 
1.5.1. Journal Articles 
 
Chapter 3, Manuscript 1 
1. Flood, Y.S., & Hampson, G.J. 2014. Facies and architectural analysis to 
interpret avulsion style and variability: Upper Cretaceous Blackhawk 
Formation, Wasatch Plateau, central Utah, U.S.A. Journal of Sedimentary 
Research, 84, 743-762.   DOI: 10.2110/jsr.2014.59. 
 
Chapter 4, Manuscript 2 
2. Flood, Y.S., & Hampson, G.J., 2015. Quantitative analysis of the dimensions 
and distribution of channelised fluvial sandbodies within a large outcrop 
dataset: Upper Cretaceous Blackhawk Formation, Wasatch Plateau, central 
Utah, U.S.A. Journal of Sedimentatary Research, 85, 315-336. DOI: 
10.2110/jsr.2015.25. 
 
Chapter 5, Manuscript 3 
3. Flood, Y.S., & Hampson, G.J., 2015. Quantitative analysis of the dimensions 
and distribution of channelised fluvial sandbodies within a large outcrop 
dataset: Upper Cretaceous Blackhawk Formation, Wasatch Plateau, central 
Utah, U.S.A. Geological Society of London, Paralic Reservoirs Special 
Publications, in review. 
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Appendix D, Manuscript 4 
4. Villamizar, C.A., Hampson, G.J., Flood, Y.S., & Fitch, P.J.R. 2015. Object-
based modelling of avulsion-generated sandbody distributions and 
connectivity in a fluvial reservoir analogue of low to moderate net-to-gross 
ratio. Petroleum Geoscience, DOI: 10.1144/petgeo2015-004. 
 
1.5.2. Conference Presentations 
 
1. Flood Y.S., & Hampson G.J., 2014, Quantitative analysis of the dimensions 
and distribution of channelised fluvial sandbodies within a large-scale outcrop 
dataset: Upper Cretaceous Blackhawk Formation, Wasatch Plateau, central 
Utah, U.S.A., AAPG Annual Convention and Exhibition, Houston, Texas, 
U.S.A. 
2. Flood Y.S., & Hampson G.J., 2013, Analysis of fine-grained floodplain facies 
as a tool to interpret spatial and temporal variation in avulsion style: 
Cretaceous Blackhawk Formation, Wasatch Plateau, Utah, U.S.A., AGM, 
BSRG, University of Hull. 
3. Analysis of fine-grained floodplain deposits as a tool to interpret autogenic 
controls on floodplain sedimentation: upper Cretaceous Blackhawk Formation, 
Wasatch Plateau, U.S.A., Flood Y.S., & Hampson, G.J., 10th ICFS 2013, 
University of Leeds. 
4. Analysis of fine-grained floodplain deposits as a tool to interpret autogenic 
controls on floodplain sedimentation: Cretaceous Blackhawk Formation, 
Wasatch Plateau, Utah, U.S.A., Flood Y.S., & Hampson G.J., AGM of the 
BSRG 2012, University College Dublin. 
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CHAPTER 2: LITERATURE REVIEW AND SCIENTIFIC BACKGROUND 
 
 
This literature review focuses on the current state of knowledge of fluvial systems by 
considering fluvial lithofacies, facies models, fluvial architecture, avulsion processes, 
palaeosol analysis and fluvial reservoirs. An overview of the spatial statistical 
methods which can be applied to fluvial datasets, and a summary of the study areas 
are also given.  
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CHAPTER 2 
LITERATURE REVIEW AND SCIENTIFIC BACKGROUND 
 
 
2.1. Classification of Facies and Architecture of Fluvial Systems 
2.1.1. Classification of Fluvial Styles and Lithofacies 
 
Early studies of fluvial sedimentation typically categorised alluvial river patterns 
(shape and arrangement of channels) into the following four end-member styles: (1) 
straight, (2) meandering, (3) braided, and (4) anastomosing (e.g. Happ et al. 1940; 
Leopold and Wolman 1957; Allen 1965; Reading 1996). Single-thread, straight rivers 
display low sinuosity planforms at bank full stage (<1.1; Dey 2014), and develop 
alluvial bars on the channel margins under low flow stage (Fig. 2.1C; Allen 1965; 
Dey 2014). Single-thread meandering rivers are highly sinuous (sinuosity >1.5, Dey 
2014), occupy moderate width/ thickness ratios (<38 m thick, <15 km wide; cf. 
Gibling 2006), develop on moderately low gradients, and consist of a relatively fine- 
grained bedload or suspended load (Fig. 2.1D; Allen 1965).    
 
Figure 2.1 Theoretical architectural models of Allen (1965), representing, A) an 
alluvial fan, B) braided river, C) low sinuosity river, and D) a meandering river, 
respectively (after Friend 1983). 
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In comparison, braided rivers consist of multiple channels which are separated by 
bars and temporary islands (Fig. 2.1B; Lane 1957; Friend et al. 1979; Miall 1996). 
Braided rivers are highly unstable and frequently migrate laterally and downstream 
from the channel (Ritter et al. 2006). Such river styles also display larger width/ 
thickness ratios (>1 km thickness and >1300 km wide; cf. Gibling 2006) compared to 
straight and meandering river systems. Anastomosing rivers consist of a mixed and 
suspended load, and comprise a network of channels of low- to high-sinuosity (Miall 
1996), which are stabilised by vegetated overbanks. In comparison to braided rivers, 
anastomosing rivers develop on lower gradients, and channel geometries typically 
display lower average width/ thickness ratios (Smith and Putnam 1980; Miall 1996). 
Alluvial fans comprise deposits formed by debris flows, sheet floods, channels, and 
gravity flows (Fig. 2.1A; Allen 1965; Miall 1996). 
 
Recent studies have suggested that Allen’s (1965) end-member styles of fluvial 
classification are rather simplistic and various end-members can commonly coexist 
within the same depositional system forming complex geometries and internal 
stratigraphic architectures (e.g. meandering and braided; Miall 1977; Miall 1985; 
Miall 2014). Based on detailed studies of modern braided river deposits, Miall (1977, 
1978) identified six styles of vertical profile (as shown in Table 2.1). However, 
subsequent studies have shown that these vertical profiles could be commonly 
misinterpreted as deposits generated by coarse-grained meandering rivers (e.g. 
Jackson 1978; Bridge 1985). Early models of fluvial classification style lacked any 
significant quantitative information about channel and overbank geometries which 
reduced their potential to act as analogues for interpretation of fluvial environment 
and subsurface prediction (Bristow 1993; North 1996; Colombera et al. 2013). 
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Leopold and Wolman (1957) demonstrated that a variety of variables can be used to 
determine the nature of the resulting channel style. Such mechanisms include: 
discharge (amount and variability), sediment load (amount and grain size), stream 
power and grain size (e.g. coarse-grained bedload rivers, sandy bedload rivers, 
mixed-load rivers), width, depth, velocity, gradient, bank stability and bed roughness 
(Friend et al. 1979; Reading 1996). Schumm (1968) suggested that the type of 
vegetation growth can affect the resulting channel form (Murray and Paola 2003; 
Miall 2014).  
 
Name Environmental Setting Main facies Minor facies 
Trollheim Type (GI) Proximal rivers 
(predominantly alluvial 
fans) subject to debris 
flows 
Gms, Gm St, Sp, Fl, Fm 
Scott Type (GII) Proximal rivers (including 
alluvial fans) with stream 
flows 
Gm Gp, Gt, Sp, St, 
Sr, Fl, Fm 
Donjek Type (GIII) Distal gravity rivers (cyclic 
deposits) 
Gm, Gt, St Gp, Sh, Sr, Sp, 
Fl, Fm 
South 
Sasketchewan 
Type (SII) 
Sandy braided rivers 
(cyclic deposits) 
St Sp, Se, Sr, Sh, 
Ss, Sl, Gm, Fl, 
Fm 
Platte Type (SII) Sandy braided rivers 
(virtually non-cyclic) 
St, Sp Sh, Sr, Ss, Gm, 
Fl,  Fm 
Bijou Creek Type 
(SI) 
Ephemeral or perennial 
rivers subject to flash 
floods 
Sh, Sl Sp, Sr 
 
Table 2.1 Six major facies assemblages of gravel- and sand-dominated braided river 
deposits (after Miall 1977). 
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2.1.2. Fluvial Facies Models 
 
A number of early fluvial facies models were developed to help describe the texture 
and composition of sedimentary rocks (e.g. Allen 1964, 1970; Cant and Walker 
1978, Miall 1977). Miall (1985) recognised 12 distinctive process-related fluvial 
styles, and later expanded upon these styles, using variations in lithofacies and 
fluvial architecture to construct 16 fluvial facies models (Miall 1996; Dey 2014). 
Models 2, 6, and 8 of Miall’s study (1996) illustrate the following three end-members 
of fluvial style: 1) a coarse-grained gravel-bed braided river (Fig. 2.2A), 2) a 
meandering river (Fig. 2.2B), and 3) an anastomosing river (Fig. 2.2C). The 
construction of these models was aided by the development of a widely-
documented, lithofacies classification scheme for fluvial deposits (Miall 1996), as 
shown in Table 2.2. Individual lithofacies were classified based on the degree of 
bedding, grain size, texture, and sedimentary structures.  
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Figure 2.2 Architectural fluvial models. A) A gravel-bed river dominated by traction-
current deposits. B) A sand-bed meandering stream. C) An anastomosed river (after 
models 2, 6, and 8 of Miall 1985 and Miall 1996, respectively). 
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Facies Code Facies Sedimentary 
Structures 
Interpretation 
Gmm Matrix-
supported 
massive gravel 
Weak grading Plastic debris flow (high-
strength, viscous) 
Gmg Matrix-
supported 
gravel 
Inverse to normal 
grading 
Pseudoplastic debris 
flow (low strength, 
viscous) 
Gci Clast-
supported 
gravel 
Inverse grading Clast-rich debris flow 
(high strength), or 
pseudoplastic debris 
flow (low strength) 
Gcm Clast-
supported 
massive gravel 
- Pseudoplastic debris 
flow (inertial bedload, 
turbulent flow) 
Gh Clast-
supported 
crudely 
bedded gravel 
Horizontal bedding, 
imbrication 
Longitudinal bedforms, 
lag deposits, sieve 
deposits 
Gt Gravel 
stratified 
Trough cross-beds Minor channel fills 
Gp Gravel 
stratified 
Planar cross-beds Transverse bedforms, 
deltaic growths from 
older bar remnants 
St Sand, fine-to-
very coarse 
may be pebbly 
Solitary or grouped 
trough cross-beds 
Sinuous-crested and 
linguoid (3D) dunes 
Sp Sand, fine to 
very coarse, 
may be pebbly 
Solitary or grouped 
planar cross-beds 
Transverse and linguoid 
bedforms (2D) dunes 
Sr Sand, very fine 
to coarse 
Ripple cross-
lamination 
Ripples  (lower flow 
regime) 
Sh Sand, very fine 
to coarse, may 
be pebbly 
Horizontal 
lamination parting or 
streaming lineation 
Plane-bed flow (critical 
flow) 
Sl Sand, very fine 
to coarse, may 
be pebbly 
Low-angle (<15°) 
cross-beds 
Scour fills, humpback or 
washed-out dunes, 
antidunes 
Ss Sand, very fine 
to coarse, may 
be pebbly 
Broad, shallow 
scours 
Scour fill 
Sm Sand, fine to 
coarse 
Massive, or faint 
lamination 
Sediment-gravity flow 
deposits 
Fl Sand, silt, mud Fine lamination, 
very small ripples 
Overbank, abandoned 
channel, or waning flood 
deposits 
Fsm Silt, mud Massive Backswamp or 
abandoned channel 
deposits 
Fm Mud, silt Massive, Overbank, abandoned 
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desiccation cracks channel, or drape 
deposits 
Fr Mud, silt Massive, roots, 
bioturbation 
Root bed, incipient soil 
C Coal, 
carbonaceous 
mud 
Plant, mud films Vegetated swamp 
deposits 
P Palaeosol 
carbonate 
(calcite, 
siderite) 
Pedogenic features: 
nodules, filaments 
Soil with chemical 
precipitation 
 
Table 2.2 Lithofacies classification scheme (after Table 4.1 of Miall 1996). 
 
2.1.2.1. Braided River Facies Models 
 
Depositional models of braided river systems are commonly used to interpret ancient 
fluvial deposits and determine the geometry of subsurface fluvial reservoirs. 
Modelling studies of sandy braided fluvial deposits often use modern analogues (e.g. 
Smith 1971; Miall 1977; Cant and Walker 1978; Bridge et al. 1986, 1998; Bristow 
1987, 1993; Fielding et al. 1999; Best et al. 2003: Bridge and Lunt 2006) and outcrop 
analogues (e.g. Smith 1970; Bristow 1993; Willis 1993; Miall and Jones 2003) to aid 
prediction.  
 
Fluvial facies models 12 and 13 of Miall’s (1996) study represent shallow (Model 9 of 
Miall 1985) (Fig. 2.3A), and deep (Model 10 of Miall 1985) (Fig. 2.3B), perennial, 
sand-bed braided rivers, respectively. Sandy deposits in both models are produced 
by braided streams; however the depth of the river system varies between each 
model. Shallow sand-bed braided rivers (the ‘Platte-Type’ braided river of Miall 1977; 
Smith 1970; Table 2.1) are characterised by the occurrence of large flat-topped 
three-dimensional dunes, which are active during high flow stage (Fig. 2.3A). 
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Lithofacies comprise planar cross-bedding in the shallower parts of the channel, and 
trough cross-bedding in the deeper areas of the channel (Fig. 2.4A). During low flow 
stage the river develops a braided fluvial style, and during high flow stage the river 
profile progresses into a single broad channel consisting of laterally extensive sand 
sheets (Miall 1995).  
 
Deeper, perennial sand-bed braided rivers (e.g. the South Saskatchewan River; Miall 
1978; Cant and Walker 1978; Table 2.1.) occupy higher width/ thickness ratios 
compared to the shallow sand-bed braided river model (Model 9 of Miall 1985). As a 
result, this model depicts a greater variety of channel floor, bar, and bar-top 
lithofacies assemblages (Fig. 2.3B). For this reason, the deep (Model 10 of Miall 
1985), perennial, sand-bed braided river model is the most applicable to this study. 
Downstream (DA) and lateral accretion surfaces (LA) are associated with this model, 
and lithofacies successions typically display an upward-fining grainsize trend (Miall 
1996). The South Saskatchewan River (Model 10 of Miall 1985) comprises 
channelised fluvial sandbodies of up to 600 m wide by 3 m thick. Such sandbodies 
consist of downstream dipping cross-beds which are generated by small, laterally or 
downstream migrating bedforms (Fig. 2.4B; Cant and Walker 1978).  
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Figure 2.3 Representative architectural models of A) a shallow, perennial, sand-bed 
braided river (modified after model 9 of Miall 1985), and B) a deep, perennial, sand-
bed braided river (after model 10 of Miall 1985). 
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Figure 2.4 Vertical profiles of typical facies assemblages for: A) shallow and B) deep 
perennial sand-bed braided rivers, respectively (after Miall 1978). 
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2.1.3. Fluvial architecture, geometry and hierarchy 
 
Existing facies models of braided rivers illustrate a number of different styles based 
on discharge regime (ephemeral, perennial), depth (shallow, deep) and sediment 
grainsize (sand, gravel) (Table 2.1; Miall 1977). However, such models often lack 
information about the form, process and architecture of the fluvial system which 
occurs among rivers of different scale and style (Miall 1977, 1985, 1996). The 
stratigraphic architecture of channelised fluvial sandbodies usually displays complex 
geometries and spatial relationships that can be difficult to define in 3D. The relative 
simplicity of these early models of fluvial style (e.g. Happ et al. 1940, Allen 1965, 
Allen 1983) resulted in the development of Miall’s (1985) architectural element 
classification scheme. Miall (1985) analysed a number of lateral depositional profiles 
to determine the type, arrangement and geometry of fluvial deposits (Allen 1983; 
Friend 1983), and later, to study the types of depositional elements, and scale and 
hierarchy of internal bounding surfaces (Miall 1985; Bridge 1993; Payenberg et al. 
2011; Ford and Pyles 2014). The bounding surfaces hierarchy is summarised in 
Table 2.3.  
 
Miall (1985) characterised nine basic architectural elements which consisted of 
channel-fill and fine-to-coarse grained overbank deposits. Additional architectural 
element classification schemes have been developed by numerous workers (e.g. 
Brierley 1991; Bridge 2003; Payenberg 2011) resulting in architectural elements that 
display a range of dimensions over certain temporal and spatial scales (Posamentier 
and Walker 2006). For the purpose of this study, Miall’s (1985) widely-accepted 
architectural classification scheme (as summarised in Table 2.4 and Fig. 2.5) is 
applied. Channelised fluvial sandbodies (element CH) typically include gravel bars 
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and bedforms (element GB), sandy bedforms (element SB), scour hollows (element 
HO), laminated sand sheets (element LS), and lateral and downstream accreting 
barforms (elements DA, LA). Coarser-grained overbank deposits consist of sediment 
gravity flows (element SG) and laminated sand sheets (element LS). It should be 
noted that laminated sand (element LS) was used in Miall’s (1985) study to represent 
laminated sand sheets developed in ephemeral channels, and by Platt and Keller 
(1992) to characterise levee deposits. Aggradational floodplain fines (element FF) 
are associated with coals, mudstones and shales which occupy varying maturities of 
palaeosol (Miall 1985). 
 
 
 
Figure 2.5 The eight architectural elements of fluvial deposits. No vertical 
exaggeration (after Miall 1985, 1888). 
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Bounding 
surfaces 
Time 
scale 
(yr) 
Depositional 
process 
Depositional 
units 
Characteristics of bounding 
surfaces 
0th-order 10-6 Burst-sweep 
cycle 
Lamina Lamination surface 
1st-order 10-5 – 
10-3 
Bedform 
migration 
(ripples and 
diurnal 
dunes) 
Ripple 
macroform 
bed bounding surface 
2nd-order  10-2– 
10-1 
Bedform 
migration 
Dunes  bedset bounding surface 
3rd-order  100– 
101 
Seasonal 
events, 10-
year flood 
Macroform 
growth 
increment 
(bar 
accretion, LA 
and DA) 
Dipping 5-20° in direction of 
accretion 
4th-order  102– 
103 
100 –year 
flood, 
channel and 
bar migration 
Macroform, 
e.g. point 
bar, levee, 
splay, 
immature 
palaeosol 
Convex-up macroform top, 
minor channel scour, flat 
surface bounding floodplain 
elements 
5th-order  103– 
104 
Long-term 
geomorphic 
processes, 
e.g. channel 
avulsion 
Channel, 
delta lobe, 
mature 
palaeosol 
Flat to concave-up erosive 
channel base 
6th-order  104– 
105 
5th-order 
(Milankovitch) 
cycles, 
response to 
fault pulse 
Channel-belt, 
alluvial fan, 
minor 
sequence 
Flat, regionally extensive or 
base of incised valley 
7th-order  105– 
106 
4th-order 
(Milankovitch) 
cycles, 
response to 
fault pulse 
Major 
depositional 
system, fan 
tract, 
sequence 
Sequence boundary; flat, 
regionally extensive, or base 
of incised valley 
8th-order  106– 
107 
3rd-order 
cycles, 
tectonic and 
eustatic 
processes 
Basin-fill 
complex 
Regional disconformity 
 
Table 2.3 Architectural classification hierarchy of fluvial deposits (after Miall 1985; 
1988; 1996). 
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Element Symbol Principal facies 
assemblage 
Geometry and 
relationships 
Channels CH Any 
combination 
Finger, lens or sheet; 
concave-up erosional base; 
scale and shape highly 
variable; internal concave-
up 3rd-order erosion 
surfaces common 
Gravel bars and  
bedforms 
GB Gm, Gp, Gt Lens, blanket; usually 
tabular bodies; commonly 
interbedded with SB 
Sandy bedforms SB St, Sp, Sh, Sl, 
Sr, Se, Ss 
Lens, sheet, blanket, 
wedge, occurs as channel 
fills, crevasse splays, minor 
bars 
Downstream 
accretion 
macroform 
DA St, Sp, Sh, Sl, 
Sr, Se, Ss 
Lens resting on flat or 
channelled base, with 
convex-up 3rd-order internal 
erosion surfaces and upper 
4th-order bounding surface 
Lateral-accretion 
macroform 
LA St, Sp, Sh, Sl, 
Sr, Ss, less 
commonly Gm, 
Gt, Gp 
Wedge, sheet, lobe; 
characterised by internal 
lateral-accretion 3rd-order 
surfaces 
Scour hollows HO Gh, Gt, St, Sl Scoop-shaped hollow with 
asymmetric fill 
Sediment gravity 
flows 
SG Gmm, Gmg, 
Gci, Gcm 
Lobe, sheet, typically 
interbedded with GB 
Laminated sheet 
sand 
LS Sh, Sl, minor 
Sp, Sr 
Sheet, blanket 
Overbank fines FF Fm, Fl Thin to thick blankets; 
commonly interbedded with 
SB; may fill abandoned 
channels 
 
Table 2.4 Architectural elements of fluvial deposits (after Table 4.3. of Miall 1996). 
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2.1.3.1. Architecture of Channelised Fluvial Sandbodies 
 
As summarised above, channelised fluvial sandbodies are generated by a number of 
different processes taking place locally and regionally across the basin, and as a 
result can change stratigraphically and palaeogeographically (Miall 1996; Holbrook 
2001; Payenberg et al. 2011). Two principal methods are used to describe and 
classify fluvial architecture: Allen’s (1983) hierarchical surface based approach (first-, 
second-, and third-order bounding surfaces), and Miall’s (1985) architectural element 
analysis.  Early studies of fluvial architecture investigated whether units comprised a 
single stacked succession or whether they were more complex, consisting of multiple 
individual successions or “storeys” separated by internal bounding surfaces (Friend 
1983; Allen 1983). As a result of these studies, Hirst (1991) examined a series of 
Cenozoic fluvial systems in northern Spain and developed a hierarchical 
architectural classification scheme (Fig. 2.6). The architectural elements of these 
deposits fitted into a previous scheme which described the stacking of channel 
storeys (sensu Potter 1967) into larger sandbodies (Miall 1988; Bridge 1993; 
Hampson et al. 2013).  
 
The range of sandbody geometries consist of single storey (a single interconnected 
mappable body of sand, Potter 1967; Friend 1983; Reading 1996; Miall 1996), 
multistorey (to describe the vertical stacking of storeys within a sandstone body 
(Potter, 1967; Friend et al. 1979; Bridge and Mackey 1993; Miall 1996; Gibling 
2006), multilateral (to describe the lateral sequence of storeys within a sandstone 
body without vertical stacking; Potter 1967; Collinson 1978; Miall 1996; Gibling 
2006), multistorey and multilateral (lateral and vertical stacking of storeys; Gibling 
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2006), and amalgamated channel complexes (Friend 1967). Single storey 
channelised fluvial sandbodies consist of one upward-fining architectural element 
group (composed of elements ES, SB, LA/DA, and LS; Table 2.4) above a single 
major erosion surface (Fig 2.7A). Multilateral channel bodies comprise laterally 
stacked architectural element groups, and contain multiple internal major erosion 
surfaces which coalesce to form a composite basal surface. Multilateral and 
multistorey channel-belt complexes contain a series of vertically and laterally stacked 
channel-belts (Fig 2.7B). Sandbodies are defined as channel-belts or channel-belt 
complexes,  depending  on  whether  they  cut   down  from   one  single  or  multiple 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 (A-F) The range of channelised fluvial sandbody geometries, as studied 
in the Huesca fluvial system, Ebro Basin, Spain (after Hirst 1991). 
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stratigraphic levels (Hampson et al. 2013). A fluvial channel-belt comprises an 
amalgamation of channel bar and abandonment-fill deposits (Payenberg et al. 2011). 
A high degree of erosional amalgamation associated with channel-belts and 
amalgamated channel-belt complexes (Fig 2.7C), leads to the incomplete 
preservation of channelised fluvial sandbody elements and reduces confidence in 
interpreting specific elements and their bounding surfaces within fluvial stratigraphy 
(Holbrook 2001).  
 
As discussed above, a number of different heirarchical classification schemes have 
been developed (e.g. Fisk 1944; Beerbower 1964; Allen 1983; Miall 1985). The 
Fluvial Reservoir Architectural Classification (FRAC) scheme is a relatively recent 
classification scheme currently under development by Chevron Corporation which 
uses internal relationships (grainsize trends, facies types) between different 
architectural units to define an architectural hierarchy (Sprague et al. 2002; 
Payenberg et al. 2011; Gulliford 2014). A number of separate beds, each 
representative of an individual flood event, stack vertically to form a bedset, which in 
turn develops into a storey (Fig 2.8., Willis 1993; Payenberg et al. 2011). A storey 
consists of channel bar accretion and abandonment-fill deposits which form via the 
migration of a single storey channel during an avulsion (Friend 1967). Channel-belts 
develop into larger channel-belt complexes (larger-scale reservoir bodies; 
Payenberg et al. 2011) as they stack vertically and laterally (Fig 2.8). Channel-belt 
complexes are associated with basin wide scales and can form clustered, random, 
and regular spatial distribution patterns.  
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Figure 2.7 Classification scheme for channelised fluvial sandbody types, as shown 
in the Williams Fork Formation. A) Single-storey channel body, B) multistorey/ 
multilateral channel body, and C) amalgamated channel complexes are illustrated 
using a schematic map view of the depositional setting and cross-sectional view of 
the channel body (after Pranter et al. 2009).  
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Figure 2.8 The hierarchy of depositional units in a fluvial complex (after Sprague et 
al. 2002). 
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A contrasting hierarchical classification scheme has been developed by the Fluvial 
Research Group at Leeds University, U.K. Studies of ancient and modern fluvial 
systems have been placed into a FAKTS database (The Fluvial Architecture 
Knowledge Transfer System) which contains digitised sedimentary units that are 
classified into a hierarchical scheme (Colombera et al. 2012, 2013, 2015). This 
database categorises fluvial architecture into three hierarchical scales; large-scale 
depositional elements (e.g. channel complexes, floodplain elements), architectural 
elements (classified using Miall’s 1996 architectural element classification scheme) 
and facies units (classified using Miall’s 1996 architectural element classification 
scheme). 
 
2.1.3.2. Architecture of Non-Channelised Overbank Deposits 
 
Although a large amount of previous research has focused on the internal 
architecture of channelised fluvial sandbodies, finer-grained overbank deposits are 
commonly ignored (Farrell 1987; Kraus 1987; Kraus and Bown 1993). Miall (1996) 
classified overbank deposits into the following three categories: 1) coarse-grained 
non-channelised sandstones and siltstones that are deposited via overbank flow 
from the parent channel, and consist of levees, crevasse splays, and crevasse 
channels (elements LV, CS, and CR; Table 2.5), 2) fine-grained deposits formed in 
low energy environments including floodplain swamps and ponds (element FF; Table 
2.5), and 3) sediments associated with pedogenesis, evaporation, or organic activity.  
 
In gravel-bed and sand-bed braided river environments, the proportion of the alluvial 
plain comprising finer-grained overbank deposits is often assumed to be relatively 
low, because most of the floodplain area is associated with channel deposition 
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(Reinfelds and Nanson 1993; Miall 1996). However, recent studies (e.g. Walker 
1967; Bentham et al. 1993; Kraus and Bown 1993; Kraus 1996) have indicated that 
a significant proportion (over 40 %, Miall 1996) of the alluvial plain does consist of 
finer-grained bioturbated and pedogenically modified overbank sandstones and 
siltstones. The large-scale preservation of overbank material in braided river systems 
is largely controlled by increasing subsidence rate, high sedimentation rate, and 
overbank flooding (Miall 1995).  
 
Levees, crevasse splays, and crevasse channels (elements LV, CS, and CR, 
respectively; Table 2.5, Fig. 2.9) have been described by a number of authors (Smith 
1986; Farrell 1987; Smith et al. 1989) and are associated with overbank flooding, 
and minor scouring and channelisation of the floodplain. Levees typically consist of 
bedded units of ripple and cross-laminated siltstone and fine-grained sandstone, and 
bioturbation commonly destroys the original sedimentary fabric (Miall 1996). 
Crevasse channels form ribbon-like geometries consisting of fine-to-medium grained 
sandstone, trough cross-bedding and current-ripple cross-lamination. Crevasse 
splays form lens-shaped bodies of <10 km long by <5 km wide and are typically 2-6 
m thick (Miall 1996). Crevasse splays comprise fine-to-medium grained sandstone, 
and consist of rooting, bioturbation, interbedded laminations of siltstone and 
mudstone, trough cross-bedded sandstone, and current-ripple cross-laminated 
sandstone and siltstone (Miall 1996). Finer-grained floodplain deposits (elements FF 
and CH (FF), Table 2.5, Fig. 2.9) are generated by episodic overbank sheet floods 
and suspension settling in floodplain lakes. Floodplain fines (element FF) consist of 
sheet-like units which can reach up to several kilometres in width (Willis and 
Behrensmeyer 1994). Abandoned channels (element CH (FF); Miall 1996) are 
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typically filled by fine-grained mudstones and clays which are associated with slow 
gradual fill via suspension settling, in between episodes of channelisation (Fig. 2.8). 
 
Element Symbol Lithology Geometry Interpretation 
Levee LV Fl Wedge up to 10 m 
thick, 3 km wide 
Overbank 
flooding 
Crevasse 
channel 
CR St, Sr, Ss Ribbon up to a few 
hundred m wide, 5 
m deep, 10 km 
long 
Break in main 
channel 
margin 
Crevasse splay CS St, Sr, Fl Lens up to 10 x 10 
km across, 2-6 m 
thick 
Delta-like 
progradation 
from crevasse 
channel into 
floodplain 
Floodplain fines FF Fsm, Fl, Fm, 
Fr 
Sheet, may be 
many km in lateral 
dimensions, 10s of 
m thick 
Deposits of 
overbank 
sheet-flow, 
floodplain 
ponds and 
swamps 
Abandoned 
channel 
CH (FF) Fsm, Fl, Fm, 
Fr 
Ribbon comparable 
in scale to active 
channel 
Product of 
chute or neck 
cut off 
 
Table 2.5 Clastic architectural elements of the overbank environment (after Table 
7.1 of Miall 1996). 
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Figure 2.9 Summary lithofacies model of the overbank environment (after Platt and 
Keller 1992). 
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2.2. Controls on Fluvial Stratigraphic Architecture 
 
Studies of quantitative models and outcrop analogues typically assume that non-
marine and fluvial strata may be influenced by external (or allogenic) factors such as 
climate, changes in tectonic regime, or eustatic perturbation (Blum and Törnqvist 
2000; Slingerland and Smith 2004; Strong et al. 2005; Stouthamer and Berendsen 
2007; Hofmann et al. 2011). These studies resulted in the development of sequence 
stratigraphic models, where variations in the architecture of alluvial-to-coastal plain 
deposits could be described and predicted by fluctuations in relative sea level and 
accommodation space (Shanley and McCabe 1993; Wright and Marriot 1993; 
Posamentier and Allen 1999). The term allogenic refers to any process which is 
‘external’ to the sedimentary environment and typically occurs over timescales of 
104-107 (Summerfield 1991; Muto et al. 2007; Miall 2000). Modelling studies of 
alluvial stratigraphic architecture (e.g. Allen 1978; Bridge and Leeder 1979; Bridge 
and Mackey 1993) suggest that temporal variability in tectonic subsidence rate (i.e. 
accommodation space) can control the stacking density of channelised fluvial 
sandbodies, where increased rates of tectonic subsidence results in sandbodies that 
are isolated and exhibit relatively low thicknesses. In contrast, a decrease in 
subsidence rate generates sandbodies that are more densely stacked and occupy 
greater thicknesses (Ryseth 2000).  
 
More recently, research has indicated that autogenic self-organisation (103–105 yr) 
can generate structured stratigraphic patterns in the absence of, or independent from 
changes in extrinsic mechanism (Stouthamer and Berendsen 2007; Straub et al. 
2009; Hajek et al. 2010; Phillips 2010; Hofmann et al. 2011; Wang et al. 2011). 
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Internal (autogenic) forcing is often presumed to reflect relatively small-scale, high-
frequency ‘noise’ in sedimentary successions which primarily record the responses 
to larger-scale allogenic forcing (Slingerland and Smith 2004). Furthermore, 
allogenically-derived alluvial architectures may become overprinted by autogenic 
patterns (‘autogenic shadowing’ of Kjemperud et al. 2008), making it difficult to 
determine under which temporal and spatial scales these internal processes operate 
(Wang et al. 2011). The terms autogenic and allogenic were originally defined as 
autocyclic and allocyclic by Beerbower (1964), however because these processes do 
not necessarily have to operate under a strictly cyclic style the terms autogenic and 
allogenic are now preferred (Miall 1996; Stouthamer and Berendsen 2007). Table 
2.6 summarises the time scales over which allogenic and autogenic patterns are 
developed. Sedimentation rate varies in relation to the time scale over which 
allogenic and autogenic mechanisms and the resulting responses are measured 
(Sadler 1981, Leeder 1993, Miall 1996). As a result, a variety of time scales are 
associated with different sedimentary processes. Sadler (1981) suggested that 
sedimentation rates could vary between the orders of 10-4 and 107 m/ Ka.  
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Table 2.6 Event, architectural and basin scales produce a variety of products and 
generate different processes. Event-scales produce landforms and event beds. 
Architectural-scale processes determine how fluvial environments form and evolve. 
Basin-scale processes determine where sediment is deposited within a basin (after 
Hajek and Wolinsky 2012).  
 
 
 
 
 
 
 
 
Stratigraphic 
level 
Event Architecture Basin 
Timescale 10-1-101 yr 103-105 yr  104-107 yr 
Forcing Result from 
stochastic 
environmental 
forcing 
(e.g., weather, 
flooding, biota). 
Internally generated 
(autogenic) over timescales 
for which allogenic forcing is 
quasi-steady. 
(e.g., climate, substrate, 
valley morphology). 
Allogenic forcing 
(e.g., climate 
change, base 
level, lithological 
and structural 
controls) and 
mass balance 
(supply vs. 
accommodation). 
Process Morphodynamics 
such as bank 
erosion, 
overflows, 
sediment balance 
in rivers, 
sediment 
degradation or 
aggradation, and 
regulation of 
equilibrium slope. 
 
Landscape evolution; River 
migration, avulsion and 
coupled channel floodplain-
landscape evolution. Inter-
relationships among 
hydrologic processes, 
sediment flux and storage, 
landforms of various scales 
and biota. 
Migration of 
depositional 
environments or 
depositional 
centres due to 
change in 
accommodation. 
Product Event beds and 
horizons, 
landforms. 
Channel-belt, multi-storey 
and amalgamated 
sandstones, and avulsion 
stratigraphy. 
Sedimentary 
sequence. 
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Figure 2.10 Variable hierarchies of scale and time in fluvial deposits (after Leeder 
1993). 
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2.2.1. Stratigraphic patterns arising from allogenic processes 
 
Since Leeder (1978), Allen (1978) and Bridge and Leeder (1979) first recognised the  
relationship between avulsion, sedimentation rate, and the stacking pattern of ﬂuvial 
channel-belt sandstone bodies (Leeder‐Allen‐Bridge “LAB model”), workers have 
attempted to utilise this information to develop newly revised models of alluvial 
stratigraphy (e.g. Hajek et al. 2010). The LAB models described controls on the 
stacking organisation of fluvial sandbodies in avulsion-dominated alluvial basins 
(Figs. 2.11, 2.12). The numerical models of Leeder (1978), Allen (1978) and Bridge 
and Leeder (1979) suggested sedimentation rate (used for proxies for subsidence 
rate) controlled the stacking density of channelised fluvial sandbodies and 
determined an inverse relationship between stacking density and sedimentation 
(aggradation) rate which effects the geometry and connectivity of channelised fluvial 
sandbodies (Fig. 2.11). Therefore, if avulsion frequency is kept constant, and 
sedimentation rate is low, channel clustering occurs more frequently (Heller and 
Paola 1996). Leeder (1978) suggested channel positions are generated randomly 
and do not rely on the previous positions of former channels. Allen (1979) suggested 
that abandoned channels would remain elevated for a period of time, leading to the 
topographic avoidance of former channels, distributing channel bodies more 
compensationally than in Leeder’s (1978) model. Shanley and McCabe (1991) 
expanded on this theory by suggesting that the change from amalgamated to 
isolated channel sandbodies results from an increase in accommodation space 
generated by a relative rise in base-level (Fig 2.12B).  
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Figure 2.11 Simulated cross sections to illustrate variable mean channel-belt 
aggradation rates: A) 0.02 m year-1, B) 0.01 m year-1, and C) 0.005 m year-1. Vertical 
exaggeration is 25 and the mean avulsion period is 445 years. Numbers reflect the 
number of avulsions (after Figure 4 of Bridge and Leeder 1979). 
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Wright and Marriot (1993) suggested that high-frequency (fourth and fifth-order, 104- 
105 yr) base-level changes were the primary control on fluvial strata (Wright and 
Marriot 1993). Although sea level fluctuations may exert some control on rivers 
situated in the lower coastal plain, it is generally considered that sea level effects 
only extend relatively short distances (<150km) inland of the coeval shoreline 
(Shanley and McCabe 1994; Kraus 1999). Mackey and Bridge (1995) produced a 
three-dimensional model to investigate whether variations in sedimentation rate and 
differential subsidence could generate avulsion (Fig. 2.12A) (Hajek et al. 2010). 
Tectonic tilting and faulting locally increased probabilities of avulsion when channel-
belts were located within areas of high subsidence. Differential subsidence caused 
vertical and lateral topographic differentiation and generated an accompanying 
change in the channels stream power (Maher and Harvey 2008). The work of 
Ashworth and others (2004) suggests that an increase in sediment supply could 
increase avulsion frequency. For each successive avulsion, fine-grained overbank 
and floodplain facies become progressively thicker between channelised fluvial 
sandbodies. The model of Ashworth and others (2004) supports the work of Mackey 
and Bridge (1995) by indicating that an increase in sediment supply can result in 
more frequent avulsions and decrease the stacking density of channelised fluvial 
sandbodies (Mackey and Bridge 1995; Heller and Paola 1996; Ashworth et al. 2004).  
 
Heller and Paola’s (1996) model suggests that even though subsidence may 
influence sandbody stacking pattern (and thus alluvial architecture), alternative 
controls could dictate the downstream distribution of channelised fluvial sandbodies 
(e.g. the ratio of channel-belt width versus basin width, the magnitude and 
distribution of discharge, valley slope, antecedent topography, compaction, and type 
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of sediment load and sediment yield). The geometry, dimensions, abundance and 
distribution of fluvial channels may vary with: (1) changes in base level or relative 
sea-level, or fluvial responses to such changes (Mitchum and Van Wagoner 1991), 
(2) changes in sediment flux and stream power (Miall 2006), (3) modification in 
tectonic subsidence regime and subsequent alteration in rates and distributions of 
accommodation generation, (4) antecedent topography, (5) a change in lateral 
aggradation rate, (6) oscillations in climate, which govern discharge and sediment 
load within a river, (7) compaction of fine-grained sediment, (8) surface roughness 
and (9) avulsion frequency (Bridge and Leeder 1979; Shanley and McCabe 1994; 
Mackey and Bridge 1995; Heller and Paola 1996). 
 
Colombera and others (2015) created a comparative study of 15 ancient fluvial 
depositional systems to place into the FAKTS (Fluvial Architecture Knowledge 
Transfer System) database. The results from this study suggested that contrary to 
previous stratigraphic models (Leeder 1978, Allen 1978, Bridge and Leeder 1979) 
there was no consistent trend between the proportion of channelised fluvial 
sandbodies and aggradation rate. Therefore sequence stratigraphic models that 
solely use accommodation rate for generating temporal changes in channel 
proportions, geometry, and stacking pattern may be of limited value (Colombera et 
al. 2013, 2015). 
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Figure 2.12 Models of fluvial stratigraphic architecture controlled by allogenic 
processes. A) Model generated basin wide changes in an upward increase in 
aggradation rate producing fewer sandbodies from base to top. B) Stratigraphy 
resulting from a change in relative base level. A relative fall in base level creates 
fluvial incision and a subsequent rise in relative sea level causes channels to fill the 
incised valley (after Hajek et al. 2010). 
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2.2.2. Stratigraphic patterns arising from autogenic processes 
 
Recent physical and numerical modelling studies have demonstrated the potential 
for sedimentary systems to display internal self-organisation over timescales of 103-
105 yr (Hajek et al. 2010; Hofmann et al. 2011). Autogenic processes: (1) take place 
when external forcing remains relatively constant (Blum and Törnqvist 2000; Muto 
and Steel 2004; Muto et al. 2007; Hajek et al. 2010) (2) can respond to or become 
overprinted by allogenic forcing, and (3) produce distinct stratigraphic patterns via 
river avulsion and channel migration (Mackey and Bridge 1995; Muto et al. 2007; 
Jerolmack and Paola, 2007; Kim and Paola 2007; Straub et al. 2009; Hofmann et al. 
2011; Powell et al. 2012). Channel avulsion may occur where channels become 
attracted towards lower elevations within the basin, reoccupy pre-existing flow paths, 
or relocate to random positions on the floodplain. Autogenically-derived channel 
organisation is considered to be a stochastic process which results in two opposing 
“end member” spatial patterns: compensational stacking (Fig 2.13A); and channel 
clustering (Straub et al. 2009; Hofmann et al. 2011) (Fig 2.13B). In several channel-
belt models, avulsion initiation includes a stochastic element whereby the closer a 
channel becomes to reaching an avulsion-initiation threshold, the smaller the trigger 
required to cause an avulsion (Hajek and Wolinsky 2012). 
 
Early modelling studies of terrestrial and submarine systems interpret the geometry 
and distribution of channel incisions to form via uncorrelated random stacking or 
compensational stacking (Fig. 2.13A) (e.g. Mutti and Sonnino 1981; Mutti and 
Normark 1987). This view suggests that sediment tends to preferentially fill 
topographic lows through deposition, smoothing out topographic relief and 
compensating for the localisation of deposition (Leeder 1878; Mackey and Bridge, 
70 
 
 Chapter 2. 
1995; Mohrig et al. 2000; Jerolmack and Paola 2007; Straub et al. 2009). 
Alternatively channel clustering develops where river avulsion processes lead to the 
generation of spontaneous and complex organised stratigraphy (Fig. 2.13B; Hajek et 
al. 2010).  
 
A recent study by Chamberlain and Hajek (2015) used previously published 
literature, object-based modelling, and outcrop studies to determine whether 
multistorey sandbodies (MSB), generated by autogenic avulsion, could be 
distinguished apart from MSBs which are generated by other processes (e.g. 
allogenic mechanisms). Results from this analysis suggest that a large majority of 
MSBs were formed by avulsion reoccupation and to a lesser extent by intra- 
channel-belt processes (Chamberlain and Hajek 2015). Avulsion generated MSB’s 
can be distinguished apart from other MSB’s due to the presence of irregular 
bounding surfaces and floodplain horizons which correlate to individual stories that 
are associated with clustered spatial distribution patterns (Hajek et al. 2010). 
Chamberlain and Hajek (2015) suggest that such sandbodies could comprise a 
greater proportion of remnant floodplain deposits which act as internal baffles and 
barriers to flow. 
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Figure 2.13 Models of fluvial stratigraphic architecture controlled by autogenic 
processes. A) Model of compensational stacking, and B) model of channel clustering 
generated by non-random channel avulsion (after Hajek et al. 2010).  
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2.2.2.1. Channel-belt Clustering  
 
Channel clusters are “stacks of closely spaced organised channels which display a 
preferred spatial position and lead to complex organised stratigraphy” (Leeder 1978; 
Hajek et al. 2010). Hajek and others (2010) recorded 2D cross-sections along 
depositional strike using a physical, flume tank experiment and a comparable well-
exposed outcrop analogue (late Cretaceous Ferris Formation, Wyoming) to 
demonstrate how spatial statistical methods (Ripley’s K Function; Cressie 1993; 
Diggle 2003) can be used to decipher whether sandbody centroids display a  
‘clustered’ regular spaced style of spatial pattern and thus to infer avulsion as a 
control on stratigraphic architecture (Jerolmack and Paola 2007; Hajek and Wolinsky 
2012). Results of this study demonstrated that channel sandbodies were organised 
non-randomly, signifying that this organisation could have resulted from an autogenic 
style of avulsion behaviour. Channel-belt clusters are suggested to be formed by 
changes in accommodation and sediment supply driven by extrinsic factors (Allen 
1978; Shanley and McCabe 1994). Jerolmack and Paola (2007) show how 
topography generated from channel scours can “attract” channels back to certain 
locations on the floodplain leading to stratigraphic channel-belt clustering. Recent 
studies have suggested that autogenic processes such as channel-belt clustering 
could occur over timescales signiﬁcantly longer (104-105 yr) than that of an avulsion 
cycle related to a single channel or channel-belt (103-105 yr) (Hajek et al. 2010; 
Hofmann et al. 2011; Wang et al. 2011). 
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2.2.2.1. Compensational stacking 
 
Compensational stacking results from sediment tending to preferentially fill 
topographic lows by deposition, smoothing out topographic relief and 
‘‘compensating’’ for the localisation of deposition (Mutti and Normark, 1987; 
Jerolmack and Paola 2007; Straub et al. 2009) whilst reducing potential energy 
associated with floodplain gradients (Mutti and Normark 1987; Stow and Johansson 
2000). Compensational stacking has been previously used to describe large-scale 
architecture in deep-water, fluvial, and deltaic deposits (Mohrig et al. 2000). Newly 
formed avulsion channels tend to avoid areas where existing channels are 
developed and instead infill previously unoccupied topographic lows (Mohrig et al. 
2000; Jerolmack and Paola 2007; Straub et al. 2009; Hofmann et al. 2011). 
Compensational stacking occurs over similar time scales to those interpreted for 
channel cluster-belt clusters (104yr; Hofmann et al. 2011). Early models assumed 
that channels were positioned randomly and independent from any bias and 
hypothesised that relict channels served as attractors towards existing channel 
locations (Leeder 1978). A channel ‘avoidance’ model was subsequently developed 
which suggested that when a channel became abandoned it would remain elevated 
for some time. Therefore any newly forming channel would refrain from using the 
same path as the existing channel, allowing for channel distribution to occur more 
evenly than in Leeder’s (1978) model (Allen 1979; Straub et al. 2009). 
  
Straub and others (2009) quantified the degree of compensation within a succession 
by producing a “compensation index” that describes the degree to which depositional 
events in marine and terrestrial depositional systems accumulate randomly or 
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compensationally within a basin (Table 2.7). The results of their 1D model suggested 
that the degree in which deposits stack compensationally can be measured through 
the decay of σss (standard deviation of sedimentation/ subsidence) with time (Straub 
et al. 2009). The compensation index (κ) was measured for different datasets and 
results indicated that stacking patterns were comparable to pure compensation and 
random values (Jerolmack and Sadler 2007; Hajek and Wolinsky 2012). Where the 
compensation index (κ) is 0.5, channelised fluvial sandbodies are uncorrelated and 
randomly stacked. When (κ) = 1.0 the stratigraphic distribution of channelised fluvial 
sandbodies represents perfect compensational stacking. Values of less than 0.5 
indicate anti-compensation and channel deposits tend to stack on top of each other. 
More recently, Wang et al. (2011) used data from numerical and physical 
experiments and an ancient outcrop analogue of the Ferris Formation (Cretaceous-
Paleogene, Hanna Basin, Wyoming, U.S.A) to determine how compensation index 
varies and suggested that above a characteristic timescale (compensation time, at 
which the maximum topographic surface roughness was equal to the depth of the 
experimental channels), deposits stacked purely compensationally (compensation 
index: 1.0) and below this time, deposits exhibited a random distribution 
(compensation index 0.5). 
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Table 2.7 Table to illustrate variability in compensation index. Different values of 
compensation indexes represent the varying ways in which sediment can fill 
sedimentary basins (regular, clustered, or random). Chronostratigraphic surfaces are 
used to calculate the compensation index (after Straub et al. 2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compensation 
index 
Standard Deviation  
relative to mean aggradation 
rate 
Description 
 
Close to 1 
 
Low. 
Basin fills evenly; each 
depositional event ﬁlls a 
topographic low over some 
characteristic timescale. 
 
Close to 0 
 
 
High. 
 
Depositional events tend to 
cluster. 
 
0.5 
 
Decays with exponent 0.5 with 
increasing sample size (e.g. 
increasing time steps). 
Depositional events are 
random. 
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2.3. Processes of Avulsion and Avulsion Deposits in Fluvial Stratigraphy 
2.3.1. Avulsion Processes 
 
A series of mathematical modelling studies of avulsion have been developed in order 
to understand fluvial stratigraphic architecture (e.g. Mackey and Bridge 1995; 
Slingerland and Smith 1998; Karssenberg et al. 2003; Karssenberg and Bridge 
2005). Avulsion occurs during active basin filling, where an established channel may 
abruptly change course, either via re-occupation of a pre-existing channel, or 
relocation to a new position on the floodplain (Allen 1978; Mohrig et al. 2000; 
Slingerland and Smith 2004; Stouthamer and Berendsen 2007; Jones and Hajek 
2007; Phillips 2008). This process is controlled by either autogenic or allogenic 
processes and is responsible for the storage and release of sediment over wide 
temporal and spatial timescales (Jerolmack and Paola 2007; Stouthamer and 
Berendsen 2007). However, if the periodicity of channelisation remains constant in 
time and space while allogenic mechanisms vary, avulsion is likely to be driven by 
autogenic responses of the fluvial system (Stouthamer and Berendsen 2007). 
Avulsions are local when an avulsion occurs in one part of a river system but a short 
distance downstream the river reoccupies its old channel, or regional, where any 
avulsion upstream affects the positioning of the channel-belt downstream (‘nodal’ 
avulsion of Leeder 1978; Heller and Paola 1996; Mohrig et al. 2000) (Fig. 2.14). A 
newly established channel which forms as a result of avulsion is termed an “avulsion 
channel” and such channels may comprise part of an avulsion belt (Slingerland and 
Smith 2004). Mohrig and others (2000) suggested that channel levees rarely 
aggrade more than 0.6 times the total channel depth before an avulsion takes place. 
Nodal avulsions are associated with avulsions that originate from a relatively fixed 
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part of the alluvial-plain such as at the apex of an alluvial fan (Heller and Paola 1996) 
(Fig. 2.14). In comparison, random avulsions can occur anywhere along the active 
channel network (Leeder 1978; Slingerland and Smith 2004) (Fig. 2.14). Full 
avulsions occur when all of the flow is transferred out of the parent channel which 
leads to complete abandonment of the channel downstream of the diversion site. 
During a partial avulsion, only a portion of the flow from a main channel is transferred 
elsewhere which results in the development of a new channel which coexists with 
the parent channel (Slingerland and Smith 2004). 
 
The mechanisms which have the potential to cause an avulsion are: (1) a change in 
the sediment carrying capacity or water discharge in a river, (2) super-elevation of 
the channel or channel-belt above the floodplain, (3) substrate composition and 
ﬂoodplain channel distribution, (4) an increase in channel-belt aggradation rate, (5) 
changes in local gradient or topographic variation, (6) flood magnitude and 
frequency, and (7) an associated increase in cross-valley slope relative to either the 
down-channel or the down-valley slope (Jones and Schumm 1999; Heller and Paola 
1996; Mohrig et al. 2000; Slingerland and Smith 2004; Aslan et al. 2006; Stouthamer 
and Berendsen 2007). The critical avulsion course slope (Sa) to existing channel 
slope (Sc) ratio for avulsion (avulsion threshold c.f. Jones and Schumm 1999) was 
estimated to be between ~3 and ~5 (Slingerland and Smith 1998; Törnqvist and 
Bridge 2002). 
 
Under natural conditions, avulsion re-occurrence intervals are between 10s-1000s 
years (Bridge and Leeder 1979; Mohrig et al. 2000; Slingerland and Smith 2004; 
Stouthamer and Berendsen 2007). For example, avulsion re-occurrences range 
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between <28 years for the modern Kosi River (India) and >1400 years for the 
modern Mississippi River (U.S.A) (Gomez et al. 1995; Slingerland and Smith 2004). 
Limited data from ancient analogue studies suggest avulsion generated sedimentary 
successions may take in the order of 103-105yr to form, which is comparable to the 
duration of successions resulting from high-frequency allogenic processes (Table 
2.6) (Bridge and Leeder 1979; Kraus and Gwinn 1997; Kraus 1999). Quantitative 
modelling has been useful in understanding channel and overbank distribution in 
alluvial successions (Bridge and Leeder 1979). Bridge and Leeder (1979) suggest 
that if a floodplain has a single channel-belt and displays no influence from external 
mechanisms, then the number of avulsions that separate successive channel-belts in 
a vertical sequence are approximately equal to the ratio between floodplain width 
and channel-belt width, multiplied by a factor of 0.6. Consequently if floodplain width 
is about ten times the channel-belt width, between 6 and 10 avulsions may occur 
before channel-belt relocates back to the same part of floodplain again (Bridge and 
Leeder 1979; Bridge 1984).  
 
Previous work has shown that new channel locations may either become established 
randomly (Leeder 1978), or randomly with some topographic avoidance (Allen 1978). 
Differential sedimentation between the river channel and the adjacent floodplain 
leads to the generation of relief. The channel bed becomes elevated above the 
floodplain (“super-elevated”) and is confined by natural levees, crevasse splays or 
abandoned channel deposits. The elevated height of the channel decreases 
exponentially away from the channel margin (Bridge and Leeder 1979; Mackey and 
Bridge 1995; Mohrig et al. 2000). An active channel will become super-elevated with 
respect to its floodplain due to a localised increase in sediment accumulation (Clyde 
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and Christensen 2003). Therefore after each avulsion the avulsion channel is 
expected to avoid the immediate positioning of its former channel, but any other site 
should be random (Allen 1978). Previous work indicates that avulsions will only 
initiate once a channel becomes super-elevated to a level at which the channel top is 
approximately one channel-depth above the surrounding floodplain (“super-elevation 
threshold”; Bryant et al. 1995; Mackey and Bridge 1995; Heller and Paola 1996; 
Mohrig et al. 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14 Sketches to illustrate the following types of avulsion: A) partial, B) full, 
C) nodal, D) random, E) local, and F) regional. Pairs A-B, C-D, E-F refer to 
proportion of diverted discharge, location of avulsion sites, and scale of avulsion, 
respectively. Solid lines indicate active channels; dashed lines represent abandoned 
channels (after Slingerland and Smith 2004). 
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Mohrig and others (2000) suggested that channel levees will rarely aggrade more 
than 0.6 times the depth of the channel before avulsion initiation. Although a rate of 
channel aggradation greater than that of ﬂoodplain accretion is an important setup 
factor, recent examples suggest that super-elevation is not always necessary for an 
avulsion (Phillips 2008). Pre-existing topography may deter or strongly attract the 
new site for an avulsion channel. For example, former channel positions create 
alluvial ridges which repel new channels (Bridge and Leeder 1979, Mackey and 
Bridge 1995; Mohrig et al. 2000), or newly avulsed channels may be strongly 
attracted towards pre-existing channels which are preserved at lower elevations on 
the floodplain (Mohrig et al. 2000). Heller and Paola (1996) suggest that channel 
avulsions will commonly be re-routed back to the parent channel. A study of the 
modern Trinity River Basin (Texas, U.S.A.) shows that re-occupation of a former 
channel can take place (Phillips 2010). In comparison, studies of the Saskatchewan 
River, Canada, have indicated that the positioning of former channels may drive 
avulsion into topographically lower areas of the floodplain (Clyde and Christensen 
2003). 
 
Avulsion includes three distinct phases; initiation, flow path selection and 
stabilisation (Slingerland and Smith 2004, Hajek and Wolinsky 2012). Initiation 
occurs when flow is directed out of the main parent channel via processes such as 
crevasse splay development. This usually occurs at bank-full stage where water 
flows over a channel margin and onto the surrounding floodplain. A long-term setup 
(e.g. during channel-belt aggradation a river may aggrade over 10s-1000s of years 
before it avulses), coupled with a short-term ‘triggering event’ (such as a large flood) 
is needed for avulsion initiation (Mohrig et al. 2000). The triggering event is followed 
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by flow-path selection where a new flow path is selected based on the steepest 
elevation descent away from the parent channel (Jerolmack and Paola 2007). Over 
time, stabilisation of the newly formed avulsion channel takes place which is 
commonly coupled with incision (Slingerland and Smith 2004, Hajek and Wolinsky 
2012). 
2.3.2. Avulsion Deposits 
 
Based on outcrop studies of the Eocene Willwood Formation (Wyoming, U.S.A.) and 
the Cretaceous/ Paleogene Ferris Formation (Wyoming, U.S.A.), two end-member 
categories of avulsion stratigraphy are interpreted: stratigraphically abrupt and 
stratigraphically transitional avulsion (Fig. 2.15) (Jones and Hajek 2007). 
Stratigraphically abrupt avulsion stratigraphy is characterised by a lack of proximal 
overbank deposits underlying the main channel, and is identified where coarse-
grained channel-fill deposits are positioned directly on top of finer-grained, distal 
overbank deposits. In contrast, stratigraphically transitional avulsion deposits include 
proximal overbank deposits, which are positioned in between distal overbank 
deposits and coarse-grained channel deposits. Overbank deposits thus precede and 
coarsen upward into the main channel, and may contain a suite of “heterolithic 
avulsion deposits” (as defined by Kraus and Wells 1999) which indicate a phase of 
deposition prior to avulsion (Jones and Hajek 2007). Heterolithic avulsion deposits 
are stratigraphically bounded by palaeosols and consist of fine-grained deposits 
display weak pedogenic modification, thin (<1m) sheet sandstones and multiple, 
small channelised sandstones (Kraus 1996; Kraus and Wells 1999; Davies-Vollum 
and Kraus 2001). Sedimentary structures such as climbing ripples, clay-rich 
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intervals, bioturbation, rooting, and weak pedogenic modification could infer a period 
of intermittent flow beneath the main palaeochannel and thus may indicate avulsion. 
 
 
 
 
Figure 2.15 Idealised logs through two contrasting types of avulsion stratigraphy: A) 
Stratigraphically abrupt avulsion sequence where channel-fill deposits abruptly 
overlie overbank fines, B) Stratigraphically transitional avulsion sequence where a 
phase of deposition takes place prior to avulsion of the main channel (after Jones 
and Hajek 2007). 
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The following three avulsion styles may contribute to the generation of 
stratigraphically abrupt and stratigraphically transitional avulsion: (1) avulsion by 
incision, (2) avulsion by progradation or aggradation, and (3) avulsion by annexation 
(Mohrig et al. 2000; Slingerland and Smith 2004) (Fig. 2.16). Mohrig and others 
(2000) suggest floodplain drainage could play a significant role in governing which 
style of avulsion mechanism operates (Mohrig et al. 2000). 
 
Incisional avulsion is initiated by incision during a triggering event (e.g. bank 
collapse, a major flood event or biologic disturbance) which subsequently forces the 
channel to relocate and scour into the floodplain surface. This style of avulsion 
produces stratigraphically abrupt avulsion deposits which typically display a ‘cut then 
fill’ architecture (Mohrig et al. 2000; Slingerland and Smith 2004). The incisional 
model created by Mohrig and others (2000) illustrates a floodplain which is initially 
cut by a channel and subsequently filled by channel deposits. Drainage is expected 
to be effective during this type of avulsion because floodplains occupy higher 
gradients and relief which reduces the water table to a level which is lower than that 
of the floodplain surface.  
 
Avulsion by progradation (or aggradational avulsion) is characterised by 
stratigraphically transitional avulsion deposits. This style of avulsion involves an 
initial phase of deposition which produces crevasse splays and feeder channels. 
These products gradually reduce the flow out of the parent channel and direct 
sediment into a newly establishing avulsion channel (e.g. ‘fill then cut’ model of 
Mohrig et al. 2000). A sediment wedge is created at or near the site of avulsion (the 
avulsion node) by downstream accumulation. During progradational avulsion,  
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Figure 2.16 Avulsion models. A) Avulsion by incision model. The avulsion channel 
has abandoned one reach of the parent channel, re-occupied a previously 
abandoned channel, and later returned to the parent channel downstream. B) 
Avulsion by annexation model. A newly established avulsion channel connects up 
with an abandoned channel or partially active channel, C-D) Early and late stages of 
the avulsion by progradation model, respectively. Rapid aggradation occurs due to 
reduction of flow velocity outside of the parent channel, forming a prograding wedge. 
In time, an avulsion will take place when flow is directed out of the parent channel by 
a crevasse splay and spreads out into the floodplain (after Mohrig et al. 2000). 
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sediment discharge is initially diverted from the parent channel into an adjacent flood 
basin where it abruptly decreases its sediment transport carrying capacity. This 
reduction causes coarse grained material to deposit first, while finer-grained material 
is carried further downstream, causing the development of a wedge-shaped feature 
(Mohrig et al. 2000; Slingerland and Smith 2004). Progradational avulsions are 
characterised by deposition of sediment transported out of the parent channel into 
the surrounding floodplain which requires higher than average water tables. This 
results in reduced drainage and run-off, and deposition associated with suspension 
settling (Slingerland and Smith 2004).  
 
Avulsion by annexation (reoccupation) occurs where an avulsed channel reoccupies 
an abandoned channel or existing channel (Smith et al. 1989; Mohrig et al. 2000; 
Slingerland and Smith 2004). Once a channel is no longer part of the main channel, 
it will either become completely abandoned or remain partially active. During an 
avulsion these channels may become connected to the parent channel via crevasse 
splays or feeder channels and act as ready-made conduits which can provide the 
routing for some or all of the flow away from the avulsion node (Mohrig et al. 2000; 
Slingerland and Smith 2004). Floodplain drainage conditions which result from this 
style of avulsion mechanism are not described in Slingerland and Smith (2004). 
However because this process requires sediment routing from an existing channel 
this type of avulsion may not require any specific drainage conditions. 
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2.4. Floodplain deposition and palaeosol development 
 
An understanding of the relationship between overbank fines, floodplain stratigraphy 
and coarse-grained channel-fill bodies is significant because it enables 
interpretation, within the larger context of alluvial architecture, of avulsion style and 
mechanism. Fine-grained floodplain and overbank deposits are often regarded as 
background deposition, with the floodplain acting as a passive sink for overbank 
sediment. The study of floodplain facies is important because pedogenesis (soil 
formation and development) causes geochemical and physical changes to such 
facies and the resultant palaeosols which provide information related to climate, 
drainage, vegetation and rates of sediment accumulation (Kraus and Bown 1993; 
Kraus and Aslan 1993; Clyde and Christenson 2003; Jerolmack and Paola 2007; 
Phillips 2008). Palaeosols contain a variety of characteristics that allow for field 
identification, such as lithology, colour and colour mottling, intensity of mottling and 
slickensides, and geochemistry (Kraus and Gwinn 1997). Kraus and Aslan (1999) 
suggest localities which contain widespread palaeosol variability may have been 
influenced by avulsion processes. Palaeosol variation can thus help to predict the 
position of channel sandbodies in fluvial strata (Kraus and Bown 1993). Spatial 
variations in palaeosol character and maturity have generally been analysed at the 
scale of a channel storey and its associated floodplain (e.g. Bown and Kraus 1987; 
Kraus and Aslan 1993), however such studies are difficult to carry out in the absence 
of widespread exposure. Furthermore the relationship between pedogenesis and 
avulsion is still poorly understood and has not, until recently been applied to ancient 
sedimentary systems (Kraus and Aslan 1993; Kraus and Gwinn 1997). 
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Numerical modelling studies of alluvial architecture suggest floodplain deposition 
may not always be created by simple deposition from diffuse overbank flows (Leeder 
1978; Allen 1978; Bridge and Leeder 1979). Floodplains are actually topographically 
complex, and include abundant smaller channels, which could strongly influence the 
spatial pattern of sedimentation (Jerolmack and Paola 2007). These models suggest 
that subsidence rate plays a major role in controlling sandbody connectivity (Leeder 
1978; Allen 1978; Bridge and Leeder 1979), and indicate that when subsidence rates 
increase (sediment accumulation rates), sandbody connectivity decreases, 
increasing the ratio of ﬁne-grained deposits to channel-belt sandbodies. In contrast 
to early numerical models that assumed a constant avulsion rate (Leeder 1978; Allen 
1978; Bridge and Leeder 1979), the models of Heller and Paola (1996) relate 
avulsion frequency and palaeosol maturity and abundance to subsidence rate 
(sediment accumulation rate). Tectonic tilting (creating subsidence) is believed to 
control the onset of avulsion because channel-belts generally shift toward areas of 
maximum subsidence; although in some circumstances channels may shift away 
from areas of maximum subsidence (Heller and Paola 1996). Mackey and Bridge 
(1995) used Bridge and Leeder's (1979) model to investigate down-valley variation in 
alluvial architecture during tectonism in response to tilting of the floodplain (causing 
avulsion). Their model suggests that as tilting becomes more pronounced, cross-
valley slopes preferentially increased in the direction of subsidence, thus raising the 
likelihood of an avulsion. Mackey and Bridge’s (1995) model also demonstrates that 
fault-induced floodplain topography may increase the probability of avulsion, as 
zones of increased avulsion probability occur up-valley and immediately down-
thrown from intra-basinal faults. 
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With increasing distance from a channel body and accompanying decrease in 
elevation, Bown and Kraus (1987) found a lateral change (100-1000 m) from more 
weakly developed (Stage 1) to more strongly developed (Stage 5) palaeosols (Kraus 
and Gwinn 1997) (Table 2.8; Fig. 2.17). Grain-size also decreased away from the 
channel-belt, and the coarser and more permeable sediments close to the channel 
may have promoted more rapid pedogenesis. The lateral variation in pedofacies 
represents decreasing sedimentation and accumulation rates away from the main 
channel (Bown and Kraus 1987) (Fig. 2.18) because areas which are located distally 
from the channel are normally flooded less frequently and new additions of alluvium 
from a single flood event normally thin away from the channel margin (e.g. Bridge 
and Leeder 1979). Rapid or high sedimentation rates are consistent with modern 
avulsion belt accumulation rates (2-3m per 100 years) (Smith et al. 1989). 
 
A mature palaeosol indicates that a laterally equivalent channel sandbody is situated 
within a relatively distant location (up to 15 km in the case of Willwood Formation 
palaeosols). In comparison, an immature palaeosol indicates that a sandbody is 
situated within a considerably closer proximity (Kraus and Bown 1993). More mature 
palaeosols are located distally from the main channel trunk where short-term 
sediment accumulation is low. Weakly-developed, less mature palaeosols which may 
form on avulsion deposits are located proximally to the main channel trunk where net 
sediment accumulation rates exceed local rates of pedogenesis (Kraus and Alsan 
1993; Kraus 1996; Kraus 1997). Retallack (1990, 1997) produced a set of criteria for 
recognising different types of palaeosol using data from the early Eocene Willwood 
Formation (Bighorn Basin, Wyoming). This work suggested that episodic avulsions 
produced well-developed cumulative palaeosols on floodplain deposits and poorly-
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developed single, compound or cumulative palaeosols on avulsion deposits (Kraus 
and Aslan 1993; Kraus 1996; Kraus and Gwinn 1997). Avulsion is a relatively abrupt 
process which suggests that the transition from non-related to avulsion-related facies 
should comparably be relatively abrupt. However, once this sharp transition of facies 
has taken place, Bridge (1984) suggests that a more gradual large-scale vertical 
facies change may form result from the gradual progradation or abandonment of 
levees and crevasse splays. 
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Table 2.8 Palaeosol Maturity Index. Stage 1 (least mature) is located most 
proximally to a channel sandbody. Stage 5 (most mature) is positioned the most 
distally away from a channel margin. Palaeosol type and maturity are controlled by a 
number of factors which are all related to distance from the active channel including 
parent material, vegetation and sediment accumulation rate (after Retallack 1997, 
Kraus 1999).  
 
 
Stage Mottling /Soil horizons 
 
Description 
Stage 1 
(least 
mature) 
Very weakly 
developed 
Soil horizons 
indistinguishable. 
Variable degree of 
mottling: increases with 
stronger degree of soil 
development. 
Early stages of pedogenic modification 
identifiable. Bioturbation common, traces of 
primary stratification. Orange zones of mottling 
indicate zones which contain hydrated iron 
oxides. Calcium carbonate nodules may be 
present at this stage. Little evidence of soil 
apart from root traces. 
Stage 2 Weakly developed 
Thin or weakly 
developed soil horizons. 
Mottling diffuses 
contacts between soil 
horizons. 
 
Palaeosols are finer-grained than stage 1 – 
formed on mudrocks and siltstones. Thin grey 
beds indicate depletion of iron and manganese 
oxides. High organic carbon concentrations (up 
to 0.2%). Red horizons indicate hematite 
staining. Orange goethite staining reflects 
moister conditions due to the position of the 
water table. Calcium carbonate nodules 
relatively abundant. Palaeosols form 1-2m thick 
horizons.   
Stage 3 Moderately developed 
Soils horizons more 
distinct and thicker (up 
to 1.5 m). 
Mottling diffuses 
contacts between soil 
horizons. 
Red and orange mottling. Iron and manganese 
oxides occur as aggregates or nodules at peak 
abundances. A surface rooted zone is present 
with subsurface organic or calcareous horizons. 
Histosols possible.  
Stage 4 Strongly developed 
Better defined and 
thicker soil horizons. 
Mottling is less 
pronounced 
Thicker soil horizons than stage 3. Colour 
mottling changes from red to purple. Thick (2-
3m) red, clayey subsurface. Coal horizons. 
Stage 5 
(Most 
mature) 
Very strongly 
developed 
Soil horizons are sharp 
and well defined. 
Colour mottling is rare. 
Morphologically the same as stage 4 however 
all of the ancient soil horizons are thicker (all 
exceed 3 m). Stage 5 palaeosols display well-
defined organic rich layers in the upper part of 
the soil profile. 
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Figure 2.17 Palaeosol stages 1-5 identified in the Willwood Formation of Wyoming 
(after Bown and Kraus 1987). 
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Figure 2.18 Schematic diagram to illustrate palaeosol stages and their relationship 
to a coeval channel. Numbers 1-5 refer to the palaeosol stages of Table 2.8 and Fig. 
2.17. Stage 1 (immature) palaeosols develop on fine-grained levee deposits where 
episodic, rapid sedimentation takes place. Strongly developed palaeosols of stage 5 
(mature) form distally from the channel. Proximal soils show evidence for oxidized 
conditions (A and Bw horizons). Waterlogged and reduced conditions located distally 
from the channel margin favour preservation of organic material (Ag-gleyed 
horizons) and the development of thick grey Bg horizons. Horizon A: horizon rich in 
organic matter, horizon B: alteration of parent material, horizon C: subsurface 
horizon excluding bedrock (after Kraus and Bown 1993, Kraus 1999). Figure not 
drawn to scale. 
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2.5. Characterisation of spatial patterns 
 
 
Spatial point process methods are useful tools to analyse point distributions in 
various areas of study (e.g. biology, ecology, epidemiology, seismic, and geologic). 
Point pattern analysis can be tested by measuring second-order properties to 
determine spatial dependence, based on measuring the distances between each 
data point (Bailey and Gatrell 1995). Such second-order techniques include: (1) the 
nearest-neighbour distance method (Clark and Evans 1954); (2) Ripley’s K function 
(Ripley 1977; Cressie 1993); (3) Besag’s L function (Besag 1977); and (4) lacunarity 
(Plotnick et al. 1996). Spatial point process analysis tests whether the architectural 
elements of channelised fluvial sandbodies are distributed randomly (every point is 
equally likely to occur at any location and the position of each point is not effected by 
the position of any other point), clustered (point distributions are concentrated close 
together and are surrounded by large areas that contain very few data points), or 
regularly (each data point is positioned at equal distances apart from every other 
point) (Diggle 1983; Hajek et al. 2010). The statistical compensation index, which 
measures the degree in which fluvial or marine stratigraphic architecture fills basins 
randomly or by compensational stacking, has also been used to compare stacking 
patterns of channelised fluvial sandbodies (Straub et al. 2009; Wang et al. 2011; 
Hajek and Wolinsky 2012). Lacunarity and Besag’s L function are useful methods to 
apply to this study because they can summarise spatial distributions over a wider 
range of scales (Plotnick et al. 1996), are independent of the shape of the study area 
(Cressie 1993), assume isotropy (Dixon 2002), can be easily applied to geologic 
datasets (e.g. Hajek et al. 2010; Zhao et al. 2011; Flood and Hampson 2015), and 
generate clear and easily interpretable graphic outputs (Plotnick 1999; Ripley 1977). 
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Isotropy displays the same spatial pattern in a variety of different directions whereas 
anisotropy displays variable spatial patterns in a variety of directions (Fig. 2.19). 
 
 
 
 
 
 
 
Figure 2.19 Schematic diagrams to illustrate isotropic and anisotropic point pattern 
distributions. A) Points are arranged randomly with respect to direction within each 
cluster and represent an isotropic distribution. B) Points are aligned in a NW to SE 
direction within a cluster and represent an anisotropic distribution (after Rosenberg 
and Anderson 2011 
 
2.5.1. Lacunarity 
 
Lacunarity is a scale-dependent measure of spatial dispersion (Elliot 1977), and 
characterises the distribution of gap sizes, as a function of scale (Gefen et al. 1983; 
Mandelbrot 1983; Allain and Cloitre 1991; Plotnick et al. 1996). Although the 
potential uses of lacunarity are still relatively unclear, this technique has been 
recently used in ecology (e.g. Plotnick et al., 1993) and for some geological studies 
(e.g. Plotnick et al., 1996). Algorithms for calculating lacunarity (e.g. gliding-box 
algorithm, standard box-counting algorithm, and differential box-counting algorithm) 
have been developed by numerous authors (Mandlebrot 1983; Gefen et al. 1984; Lin 
and Yang 1986; Allain and Cloitre 1991). A square of a given length (𝐿𝐿) is placed at 
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the top left origin of a binary black and white image, and the box mass is 
subsequently scanned and counted (Allain and Cloitre 1991; Plotnick et al. 1993). 
The box is then moved one column along to the right and the process is repeated 
over all rows and columns until the entire area of the image is scanned and counted. 
The mean value of lacunarity is defined as: 
(𝜆𝜆) = 𝐿𝐿(𝐹𝐹) = � 𝛴𝛴[𝐹𝐹Ʌ]�
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
                 
 
(F) represents the total number of pixels in the scanned part of the image per box 
count. ‘Grids’ refers to the total number of times a complete scan was run over the  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.20 Examples of different spatial distribution patterns that consist of a similar 
number of points. A) Clustered, B) random, and C) regular distributions are 
illustrated. The value of lacunarity increases from regular to clustered spatial 
patterns (after Hsui and Wang 2013). 
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entire image. (Λ) represents the average value of lacunarity over all grid sizes 
(Karperien 2007). The values of lacunarity are dependent on the geometry of the 
pattern in which the objects are distributed (Plotnick et al., 1993). A low value of 
lacunarity (minimum = 0) is suggestive of a homogeneous and translationally 
invariant spatial pattern consisting of gap sizes of similar size (low range of gap 
sizes) (Fig. 2.20). In comparison, a high value of lacunarity (maximum = 1) indicates 
a heterogeneous pattern which displays a varied range of gap sizes (Plotnick et al. 
1993; 1996) (Fig. 2.20).  
 
2.5.2. Ripley’s K function and Besag’s L function 
 
Analysis of second-order spatial point-process patterns commonly involves the use 
of Ripley’s K function (Ripley 1977), which measures the extent of clustering and 
spatial dispersion over different length scales. The K function compares the 
predicted number of points within a distance (h) of each event in the study area to 
the average rate of the point process (𝜆𝜆) as outlined in the following equation: 
𝐾𝐾(ℎ)=𝜆𝜆−1𝐸𝐸 �𝑁𝑁(ℎ)� 𝑓𝑓𝑓𝑓𝑓𝑓 ℎ > 0            
where 𝜆𝜆 is the number of centroid points in the study area (N) divided by the total 
area of the study region, and E(N(h)) is the expected number of points in the same 
region (Cressie 1991; Hajek et al. 2010). Besag’s L function (Besag 1977) is often 
easier to interpret because  it allows an appropriate comparison of an observed 
distribution against a benchmark of zero (𝐿𝐿�(ℎ) = 0) (Besag 1977; Rosenberg and 
Anderson 2011). Besag’s L function (Besag 1977), is a linearized version of Ripley’s 
K function and defines the spatial scales at which points tend to be more or less 
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clustered than expected by chance (Besag and Diggle 1977; Ripley 1977; Cressie 
1991). Statistical isotropy (i.e. that a unit of distance in one direction has the same 
result as a unit of distance in an alternative direction; Dixon 2002) allows every 
centroid in a two-dimensional panel to display a constant mean and a constant 
variance (Masihi et al. 2006). The normalized L function is defined as: 
 
𝐿𝐿�(ℎ) = ℎ − �𝐾𝐾�(ℎ)
𝜋𝜋
                      
 
To test whether 𝐿𝐿(ℎ) varies significantly different from zero (𝐿𝐿�(ℎ) = 0), the Monte 
Carlo technique is applied (Diggle 1983). If 𝐿𝐿�(ℎ)  < 0, points are arranged in a 
clustered distribution, the L function results plot negatively below the CSR envelope 
(Fig. 2.21A; Besag 1977). If the expected value of 𝐿𝐿(ℎ) found at a certain scale is 
equal to the number of points estimated, taking into account the intensity of the point 
process, then 𝐿𝐿�(ℎ)  = 0 and the distribution pattern represents complete spatial 
randomness (CSR; Besag 1977; Dixon 2002) (Fig. 2.21B). In contrast, if  𝐿𝐿�(ℎ) > 0, 
then points are regularly dispersed, and the L function plots positively above the 
CSR envelope (Fig. 2.21C; Besag 1977). The confidence intervals that define the 
minimum and maximum limits of complete spatial randomness are determined by 
running a number of Monte Carlo test simulations (Besag 1977; Diggle 1983). A 95% 
confidence interval limit is determined by running 99 individual simulations using a 
set of randomly distributed ‘newly’ constructed data points which are placed within 
the confines of each panel area (Lancaster and Downes 2004; Hajek 2010). The 
‘new’ points are analysed, and the upper and lower 95% confidence interval limits 
are plotted in combination with the values obtained from analysis of the original 
coordinates (Monte Carlo significance level, α = 0.05).  
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Figure 2.21 Graphical results for the L function for: A) clustered, B) random, and C) 
regularly distributed points, respectively. CSR = complete spatial randomness (after 
Hajek et al. 2010). 
 
The ‘edge effect’ can create statistical errors if centroid points are situated within 
close proximity to the boundary area of the panel (Haase 1995). Various methods 
have been produced to correct for the edge effect (e.g. Besag 1977; Ripley 1977; 
Diggle 1983). Ripley’s weighted method (Ripley 1988) centres a circle, of radius (r) 
around every centroid within the region which is situated inside of a smaller panel 
area (Fig. 2.22). The smaller panel area is 75% of the total panel areas and is 
centred within the confines of the whole panel area (Rosenberg and Anderson 2011). 
Ripley’s method weights each count based on how much of a circles proportion, falls 
within the confines of the study area (Ripley 1977). All centroids are counted if they 
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fall within a circle, irrespective of whether they are situated inside or outside of the 
smaller panel area (Rosenberg and Anderson 2011). 
 
 
 
 
 
 
 
 
 
Figure 2.22 schematic diagram illustrating the weighted edge correction technique. 
Circles of a given radius h are centred on centroids situated inside of the red 
rectangle (75% smaller than the full plot). All centroids are counted if they fall within 
a circle, irrespective of whether they are situated inside or outside of the red 
rectangle (after Rosenberg and Anderson 2011). 
 
2.6. Fluvial Reservoirs 
2.6.1. Sandbody connectivity in Fluvial Reservoirs 
 
Due to the variation in sand distribution and lithological changes over short 
distances, fluvial reservoirs are often difficult plays to predict. A developed 
understanding of reservoir connectivity is often strengthened by  sedimentological, 
geomorphological and sequence stratigraphic studies of 2D and 3D outcrop and 
subsurface analogues (Allen 1978; King 1990; Martinsen 1994; Larue and Hovadik 
2006). Previous theoretical modelling studies of fluvial architecture typically use 
channel-belts or channel-belt complexes as the main architectural element due to 
their higher degree of preservation within the subsurface and outcrop successions 
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(King 1990; Bratvold et al.; 1994; Larue and Hovadik 2006), although channel bars 
have also been previously applied (e.g. Howard 1996; Sun et al. 2001; Van Wagoner 
1995). Reservoir connectivity either occurs within individual sandbodies or between 
different architectural elements such as fluvial channels, sand sheets and bars 
(Larue and Hovadik 2006). The connectivity of channelised fluvial sandbodies is 
suggested to be dependant on: 1) the percentage of reservoir sand that is connected 
to wells (Larue and Hovadik 2006), 2) the number of wells in the field (Budding et al. 
1992), 3) the number of intervals completed, and 4) fluvial stratigraphy architecture 
(Larue and Hovadik 2006). Avulsion can lead to the development of multiple channel 
belts via lateral channel migration which can generate wider channel dimensions 
(Leeder 1978; Smith et al. 1989; Bridge 1993; Mohrig et al. 2000) which affects  
reservoir connectivity (Larue and Hovadik 2006). Fluvial systems are often highly 
dynamic and as a result, variations in channel sinuosity, scouring, amalgamation, 
and abandonment can alter the preserved geometry and distribution of fluvial 
architecture (Pranter et al. 2013). Vertical compartmentalisation of a reservoir occurs 
when laterally continuous and impermeable units (e.g. shales) separate a permeable 
unit of reservoir sand. In comparison, lateral compartmentalization takes place when 
individual channelised fluvial sandbodies are separated by impermeable units (Larue 
and Hovadik 2006). The connectivity of a reservoir can be affected by the proportion 
of non-channelised overbank sandstone deposits, deposition of channels within a 
channel-belt, width/ thickness ratios, deposition of channels during variable rates of 
sediment accumulation, the presence of laterally continuous shale units, and the size 
of reservoir elements (Larue and Hovadik 2006) (Fig. 2.23). Moreover, Larue and 
Hovadik (2006) argue that sandbody connectivity may be reduced if the channels 
display a compensational style of channel organisation (Straub et al. 2009). 
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Figure 2.23 Stratigraphic factors that vary the connectivity of channelised fluvial 
sandbodies. A) Increase in channel width by non-channelised overbank sandstones 
(crevasse splays, levees). B) Channels with high width/thickness ratios. C) Channel 
clustering resulting in channels that exhibit larger width/thickness ratios. D) Lateral 
channel migration creates lateral channel amalgamation and the development of 
complexes which occupy greater width/thickness ratios. E) Laterally continuous 
mudstone and coal beds between thin channel deposits results in reservoir 
compartmentalization. F) Local heterogeneous and impermeable units such as 
mudstone drapes and continuous mudstone beds lead to compartmentalization of 
the reservoir. G) Compensational stacking could result in a poorly connected and 
sand-rich reservoir (after Larue and Hovadik 2006). 
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2.6.2. Styles of Fluvial Reservoir 
 
Over the last 50 years, research of fluvial systems has focused on estimating the 
size, shape, interconnectedness, and orientation of reservoir body (Miall 2014). 
There are two distinctive types of fluvial reservoir geometry that host significant 
petroleum around the world: 1) clastic wedges and 2) palaeovalley fill (Miall 1996). 
Clastic wedges (1000s of m thick by 100s of km wide) are commonly associated with 
rift and foreland basins, which occupy steep palaeoslope relief and are bounded by 
faulted mountainous source areas. Clastic wedges are usually associated with 
deltaic, lacustrine and strandplain depositional systems. The Cordilleran Foreland 
Basin (Mersaverde Group) and the East Shetland Basin (Brent Group) provide good 
examples of wedge type reservoirs (Miall 1996). Palaeovalley fills (10s of m thick by 
a few km wide) are formed by channel incision during base level fall and 
subsequently filled by subsequent transgression. Palaeovalley fills are either filled 
entirely by fluvial deposits, or contain intermittent estuarine deposits, depending on 
location, palaeoslope, sediment supply, and rate of base level change (Zaitlin et al. 
1994). This type of reservoir geometry typically occurs in areas of low gradient 
slopes such are cratonic basins, extensional continental margins, and foreland 
basins (Miall 1996). Werber and Van Geuns (1990) developed a simple classification 
of fluvial sandstone reservoir architecture which could provide a framework for 
generating fluvial reservoir models: 1) layer cake, 2) jigsaw-puzzle, and 3) labryrinth 
(Fig. 2.24). Layer cake reservoirs can develop via deposition of braided and sheet-
flood deposits which form laterally extensive tablular units (Miall 2014). Jigsaw-type 
reservoir architectures, such as the delta plain sandstones of the Brent Group (Brent 
Field, UK; Livera 1989; Weber and Van Geuns 1990), consist of multistorey 
channelised fluvial sandbodies which may be occasionally separated by low-
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permeability units that create barriers and baffles to flow (Miall 2014). Labyrinth type 
architectures are associated with poorly-connected sandbody pods and lenses. 
 
 
Figure 2.24 Fluvial reservoir models which develop different types of reservoir 
heterogeneity (after Weber and Van Geuns (1990). 
 
 
2.7. Regional Stratigraphy of the Mesaverde and Brent Groups 
2.7.1. The Western Interior Basin 
 
The Wasatch Plateau is positioned along the western margin of the Colorado 
Plateau, bound in the east by the northeast-trending, plunging anticline of the San 
Rafael Swell, and in the west by the Great Monoclinal Fold (Speiker 1931; Speiker 
1946; Dubiel et al. 2000). The western boundary of the Wasatch Plateau contains a 
series of north-south-trending normal faults located within the Musinia fault zone 
(Speiker 1931; Doelling 1972; Dubiel et al. 2000). Deposition of the Blackhawk 
Formation occurred within a (ca 1500 km) north-south trending, asymmetrical 
foreland basin, the Western Interior Basin. During the Late Cretaceous, the Western 
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Interior Basin was covered by a north-south trending epicontinental seaway; the 
Western Interior Seaway, which connected the Circum-Boreal Sea with the Tethyan 
Ocean (Kauffman and Caldwell 1993; Dubiel et al. 2000) (Fig. 2.25). The Western 
Interior Basin has long been defined as a foreland basin due to the asymmetric 
westward thickening of the clastic sediment wedge and the basins relationship to the 
Sevier thrust belt situated along its western margin (Liu et al. 2011) (Fig. 2.26). 
However, recent flexural studied have suggested that a large majority of the basin is 
driven by mantle flow-induced dynamic subsidence associated with Farallon plate 
subduction (Liu et al. 2014). The Western Interior Basin was therefore formed via a 
combination of short-wavelength subsidence associated with thrust-sheet and crustal 
loading, and long-wavelength dynamic and flexural subsidence driven by dynamic 
topography (Kauffman and Caldwell 1993; Liu and Nummedal 2004; Liu et al. 2011 
Liu et al. 2014). Foreland basin thrusting, and the resultant crustal loading was 
associated with: 1) the development of a flexural forebulge (Liu and Nummedal 
2004, 2) subduction of the Farallon plate beneath the North American Plate during 
the Sevier Orogeny (Keith 1978) and, 3) accretion of numerous terraces within the 
North American Craton  (Coney 1981; Kauffman 1984; White et al. 2002). Regional-
scale differential subsidence of the Western Interior Basin is associated with the 
gravitational pull of the sinking Fallaron Plate (Liu et al. 2011). During the late 
Cretaceous the Wasatch Plateau region was situated along the western margin of 
the Western Interior Seaway, at a paleolatitude of about 45°N (Kauffman and 
Caldwell 1993).   
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Figure 2.25 Palaeogeographic maps of North America illustrating the extent of the 
Western Interior Seaway during; A) the early Campanian; and, B) the mid-
Campanian (after Williams and Stelck 1975 and Kauffman 1984). 
 
 
Figure 2.26 Generalized structural and stratigraphic cross-section through the 
Western Interior Basin. The stratigraphic position of the Blackhawk Formation (in 
green), correlative formations, and the location of the Sevier Orogenic belt are 
illustrated (after Armstrong 1968; Balsley 1982; Kauffaman 1977; 1984). 
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The Blackhawk Formation constitutes part of the Mesaverde Group, which includes 
the overlying fluvial dominated Castlegate Sandstone and underlying shallow marine 
Star Point Sandstone (Young 1955; Dubiel et al. 2000) (Fig. 2.27). During deposition 
of the Mesaverde Group, the shoreline repeatedly advanced and retreated resulting 
in a complex intertonguing of strata and the development of a single eastward-
thinning siliciclastic wedge which prograded basinwards into the Western Interior 
Basin (Young 1955; Hampson 2010). The Star Point Sandstone contains a number 
of parasequences (Hampson et al. 2011; Dubiel et al. 2000), which overlie and 
intertongue the offshore deposits of the Machos Shale (Clark 1928; Spieker 1931). 
The Blackhawk Formation constitutes an overall coastal-fluvial environment (Spieker 
1931) which formed via deposition in washovers, coastal lagoons and back-barrier 
swamps which passed landward (westward) into bay-head delta plain facies (Flores 
et al. 1984) (Fig. 2.28). A low-frequency sequence boundary is identified at the 
Blackhawk Formation/ Castlegate Sandstone boundary which was generated by a 
sudden decrease in accommodation space allowing for channelised sandbodies to 
become more amalgamated within the Castlegate Sandstone (Hampson et al. 2013).  
The age and duration of the non-marine Blackhawk Formation can be constrained by 
ammonite biozones which correlate regionally with coeval shallow-marine strata of 
the underlying Star Point Formation and Mancos Shale (Hampson 2010). Based on 
estimated ammonite biozone durations (Fouch et al. 1983), (Scaphites ippocrepis II 
and Baculite asperiformis) the deposition of the non-marine Blackhawk Formation 
represents a time interval of approximately 3.5-4.0 Myr (Hampson 2010). 
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Figure 2.27 Lithostratigraphy of the Wasatch Plateau and Book Cliffs, showing 
nomenclature, and facies relations. Key for coloured sections: refer to Figure 3.2, 
Chapter 3 (after Dubiel et al. 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.28 Depositional model for the Blackhawk Formation and the Star Point 
Sandstone showing successive prograded, abandoned, and overlapped delta-
barrier-island complexes (after Flores et al. 1984). 
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2.7.2. The East Shetland Basin 
 
The Brent Field is situated in a gently dipping (8°) westerly rotated fault block which 
extends along the East Shetland Basin and into the North Viking Graben, North Sea. 
The Middle Jurassic (Aalenian-Bathonian age) Brent Group is situated within the 
Brent Field which is positioned between the East Shetland Platform and North Viking 
Graben (Livera 1989) (Fig. 2.29). The Brent Field lies within the U.K. licensing block 
211/29 which was initially discovered in 1971 (Taylor et al. 2003) and is associated 
with other fields situated in the Brent Province. The Brent Field is situated within a 
major north-south trending titled fault terrace, located along the western margin of 
the North Viking Graben (Livera 1989) and bound to the west, by the Hutton Dunlin-
Murchison Fault Zone (Taylor et al. 2003).  
 
Deposition of the Brent Group initiated during a phase of post-rift subsidence which 
followed a period of rifting and crustal extension developed during the late Permian-
to-early Triassic (Ryseth 2000; Hampson et al. 2004) (Fig. 2.29). Thickness 
distributions of the Brent Group (<260 m in the south to 230 m in the north; Taylor et 
al. 2003) are controlled by variations in thermal and differential subsidence rate and 
an early phase of faulting which developed during the late Jurassic to early 
Cretaceous (Livera 1989; Yielding et al. 1992; Hampson et al. 2004). The Brent Field 
was situated at a palaeolatitude of 60° 30’N during the middle Jurassic (Richards et 
al. 1993). The late Bajocian Ness Formation constitutes part of the Brent Group, 
which includes the underlying Rannoch and Etive Formations and overlying Tarbert 
Formation (Deegan and Scull 1977; Hampson et al. 2004) (Fig. 2.30). 
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Figure 2.29 (A) Generalized cross-section of the East Shetland Basin. Position of 
the Brent field is illustrated. (B) Approximate location of cross section A (after 
Johnson et al. 2005) 
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Figure 2.30 Summary choronostratigraphy and lithostratigraphy of the Brent Group. 
A relative sea level curve and associated systems tracts are also illustrated (after 
Fjellanger et al. 1996). 
 
The Brent Group was deposited over a period of approximately <6 Ma (Van Hinte 
1976; Fjellanger et al. 1996). Between the Aalenian and Bajocian, uplift of the North 
Sea Dome resulted in sediment supply outpacing basinal tectonic subsidence rate 
and/ or relative sea-level rise causing the progradation of the Brent delta basinwards 
on its northern margin (Livera 1989; Husmo et al. 2003; Went et al. 2013) (Fig. 2.31). 
The well-established biostratigraphic framework of the Brent Group is constrained by 
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palynological assemblages (Botryococcus and Tasmanitids) and microfossil 
biomarkers (N. dictyambonis and N. gracilis) (Richards et al. 1993; Mitchener et al. 
1992; Fjellanger et al. 1996). Isotopic data and heavy mineral suites suggest the 
Brent Field sediments were derived from numerous river systems that drained into 
areas west of the U.K. Brent Group Province and east of the Norwegian Brent Group 
Province (Mitchener et al. 1992; Morton 1992; Hampson et al. 2004).  
 
The Rannoch and Etive formations comprise shallow-marine shoreface and barrier-
bar systems which originated from the south and southwest (Richards 1990). These 
formations where successively overlain by the Ness Formation which records a 
major regressive-transgressive cycle of a wave-dominated delta (Deegan and Scull 
1977; Budding and Inglin 1981; Livera 1989; Hampson et al. 2004) (Fig. 2.32). The 
lower part of the Ness Formation comprises a basal fluvial channel complex which is 
locally incised into the underlying Rannoch, Etive and Oseberg formations (Hampson 
et al. 2004). This basal channel is later overlain by coal-bearing fine-grained 
sandstones, siltstones and mudstones that comprise few isolated channelised fluvial 
sandbodies (Livera 1989). The upper part of the Ness Formation is characterised by 
a larger quantity of channelised fluvial sandbodies which are capped by a series of 
coal-bearing finer-grained lithofacies. The Tarbert Formation overlies the Ness 
Formation, and consists of a transgressive sand sheet which represents the 
progressive drowning of the wave-dominated delta (Fjellanger et al. 1996). 
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Figure 2.31 Paleogeography of the Brent Delta progradation. A) Maximum flooding 
surface during Brent Group aggradation (MFS at 167 Ma). B) Shelf margin systems 
tract during maximum delta extension (on SB at 166 Ma). The black box outlines the 
location of the Brent Field (after Fjellanger et al. 1996). 
 
Figure 2.32 Depositional model for the Rannoch, Etive and Ness formations, after 
Budding and Inglin (1981). 
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CHAPTER 3: FACIES AND ARCHITECTURAL ANALYSIS TO INTERPRET 
AVULSION STYLE AND VARIABILITY: UPPER CRETACEOUS BLACKHAWK 
FORMATION, WASATCH PLATEAU, CENTRAL UTAH, U.S.A. 
 
Descriptions and interpretations of fluvial sedimentary facies located within the 
Blackhawk Formation of the Mesaverde Group are documented here. Lithofacies, 
facies associations, architectural elements and palaeosol analysis represent an 
integral part in characterising the depositional architecture of ancient alluvial fluvial-
systems, based on their lithology, grain size, geometry, bounding surfaces and 
interpreted depositional environment. The character, abundance, and vertical 
stacking of lithofacies, palaeosol types, and avulsion style are investigated to 
determine stratigraphic and palaeogeographic controls on stratigraphic architecture. 
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CHAPTER 3 
FACIES AND ARCHITECTURAL ANALYSIS TO INTERPRET AVULSION STYLE 
AND VARIABILITY: UPPER CRETACEOUS BLACKHAWK FORMATION, 
WASATCH PLATEAU, CENTRAL UTAH, U.S.A. 
 
3.1. Abstract 
Sequence stratigraphic models emphasize the role of external, allogenic controls 
such as relative sea level, tectonic subsidence, and climate on alluvial to coastal 
plain stratigraphic architecture, at the expense of internal, autogenic behaviours such 
as avulsion. These models are tested via sedimentologic analysis of fine-grained 
floodplain deposits and their relationship to channelised fluvial sandbodies in a well 
exposed alluvial to coastal plain succession developed under progressively 
increasing distance from the coeval shoreline and an accompanying decrease in the 
rate of accommodation creation (late Cretaceous Blackhawk Formation, Wasatch 
Plateau, central Utah, U.S.A). 
 
The studied alluvial to coastal plain succession contains fourteen lithofacies, which 
are grouped into four associations and eight architectural elements. Facies 
associations consist of: 1) channelised fluvial sandstone bodies; 2) non-channelised 
fluvial sandstone and siltstone bodies; 3) fine-grained floodplain deposits; and 4) 
brackish floodplain deposits. Palaeosols are immature, and are classified as entisols, 
inceptisols, and histosols. Integrated analysis of palaeosol character, facies analysis, 
and architectural-element analysis indicates deposition on a rapidly aggrading 
floodplain that was subject to frequent crevassing and channel-belt switching. 
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The character, relative abundance, and vertical stacking of the palaeosol types, 
architectural elements, and the first three facies associations exhibit little variation 
stratigraphically, from base to top of the Blackhawk Formation (c. 250 m), or 
paleogeographically between the northern and southern limits of the outcrop belt (c. 
100 km). Local stratigraphic architectures record three styles of avulsion, 
representing avulsion by reoccupation, avulsion by progradation, and avulsion by 
incision. Avulsion style displays no consistent pattern with stratigraphic position or 
paleogeographic location. In combination, these results suggest that floodplain 
sedimentation and local stratigraphic architecture are dominated by autogenic 
avulsion. The three observed avulsion mechanisms operated in apparent uniformity 
over a range of tectonic subsidence rates (c. 80-700 m/Ma) and distances from the 
coeval shoreline (c. 0-100 km). 
 
3.2. Introduction 
 
Quantitative modelling, outcrop studies, and conceptual models indicate that alluvial 
to coastal plain strata may be influenced by external (or allogenic) factors such as 
climate, changes in tectonic regime, or eustatic perturbation over timescales of 105-
107yr (Allen 1978; Leeder 1978; Wright and Marriot 1993; Shanley and McCabe 
1994; Blum and Törnqvist 2000; Stouthamer and Berendsen 2007). More recently, 
workers have recognised that long timescale (103-105yr) autogenic self-organisation, 
such as compensational stacking or avulsion-driven clustering of channel-belts, may 
impose a first-order control on alluvial to coastal plain stratigraphy independent of 
allogenic forcing (Straub et al. 2009; Hajek et al. 2010; Hofmann et al. 2011; Wang 
et al. 2011). Autogenically derived stratigraphic architectures may additionally 
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become overprinted by or form in response to allogenic processes, such that the two 
cannot easily be distinguished (Wang et al. 2011). 
 
Numerical modelling studies indicate that avulsion could be a dominant autogenic 
behaviour, with avulsion frequency and sediment accumulation rate controlling the 
distribution of channelised fluvial sandbodies in alluvial to coastal plain strata (Allen 
1978; Leeder 1978; Bridge and Leeder 1979; Mackey and Bridge 1995; Heller and 
Paola 1996). The process of avulsion occurs during active floodplain sedimentation, 
where an established river channel abruptly changes course, either via reoccupation 
of a pre-existing channel or relocation to a new position on the floodplain (Allen 
1978; Mohrig et al. 2000; Slingerland and Smith 2004; Jones and Hajek 2007). 
Floodplain topography is generated by differential sedimentation between the river 
channel and adjacent floodplain, such that an active channel may gradually become 
“super elevated” above the surrounding floodplain (Bridge and Leeder 1979; Mackey 
and Bridge 1995; Mohrig et al. 2000). After each avulsion, the arrival site of new 
channel course may avoid the topographic high of its former position (Allen 1978; 
Mackey and Bridge 1995; Heller and Paola 1996; Jerolmack and Paola 2007). 
Alternatively, previous channel sites that are flanked by alluvial ridges could deter 
the arrival of a new channel (Bridge and Leeder 1979; Mackey and Bridge 1995; 
Mohrig et al. 2000), or newly avulsed channels may reoccupy the locations of former 
channels that are preserved at lower elevations on the floodplain (Mohrig et al. 
2000). Palaeosols are often studied to investigate floodplain character and determine 
variations in sediment accumulation rate (Kraus and Gwinn 1997). As a result the 
spatial and temporal relationships of floodplain palaeosols can be used to infer the 
style and frequency of avulsion (Kraus and Aslan 1993; Kraus 1996). 
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Three styles of avulsion have been previously documented: avulsion by channel 
reoccupation (avulsion by annexation sensu Slingerland and Smith 2004), avulsion 
by incision, and avulsion by progradation (Mohrig et al. 2000; Slingerland and Smith 
2004). The three styles of avulsion are governed by processes of sedimentation, 
water dispersal, and the distribution and density of channels during deposition 
(Jones and Hajek 2007). Avulsion by channel reoccupation occurs where abandoned 
or partially active channels act as ready-made drainage routes to redirect part or all 
of the flow away from the main channel into other parts of the floodplain. Abandoned 
or partially active channels are later reoccupied during avulsion by annexation (Smith 
et al. 1989; Aslan and Blum 1999; Slingerland and Smith 2004). Avulsion by incision 
takes place where new channels directly scour into the floodplain surface during an 
early phase of incision (Mohrig et al. 2000). Avulsion by incision produces 
stratigraphically abrupt avulsion deposits characterised by a lack of proximal 
overbank deposits beneath and/or subjacent to a channelised fluvial sandbody 
(Mohrig et al. 2000; Jones and Hajek 2007), and a “cut then fill” architecture (Mohrig 
et al. 2000). In contrast, avulsion by progradation is characterised by the initial 
diversion of flow away from a parent channel into the adjacent floodplain via a series 
of crevasse deposits that fine distally away from the parent channel. An upward-
coarsening sediment wedge (“stratigraphically transitional avulsion deposits” of 
Jones and Hajek 2007; “heterolithic avulsion deposits” of  Kraus and Wells 1999) 
develops that records gradual rerouting of the main flow away from the parent 
channel and into an alternative position on the floodplain (Morozova and Smith 2000; 
Slingerland and Smith 2004). To date, these various models of avulsion style have 
only been rarely tested against the stratigraphic record (Kraus and Wells 1999; 
Mohrig et al. 2000; Jones and Hajek,2007; Hofmann et al. 2011) and the necessary 
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conditions needed to generate avulsion, and thus the stratigraphic evolution of the 
resulting channel network, have not yet been resolved (Mohrig et al. 2000; 
Slingerland and Smith 2004; Stouthamer and Berendsen 2007). 
 
The stratigraphic architecture of alluvial to coastal plain deposits of the late 
Cretaceous Blackhawk Formation has recently been documented in a large-scale 
outcrop dataset from the Wasatch Plateau, central Utah, USA (Hampson et al. 2012, 
2013). In this chapter, we examine the relationship between fine-grained floodplain 
deposits and channelised fluvial sandbodies in these strata, in order to test models 
of avulsion and stratigraphic architecture. The aims of this paper are: (1) to 
document the facies character and facies successions of fine-grained floodplain 
deposits, and their spatial relationships to channelised fluvial sandbodies, (2) to use 
observed stratigraphic architectures to interpret avulsion style and processes, and 
(3) to evaluate the stratigraphic and paleogeographic variability of avulsion style. 
 
3.3. Geologic Context and Stratigraphic Framework 
 
The early to middle Campanian, non-marine strata of the Blackhawk Formation are 
situated in the Wasatch Plateau of central Utah, USA. Deposition of the Blackhawk 
Formation took place along the western margin of the 1500 km wide, north-south 
trending Western Interior Basin, which formed by a combination of short-wavelength 
crustal loading in the Sevier Orogen at the western margin of the basin and long-
wavelength dynamic subsidence generated above the subducting Farallon Plate 
(Kauffman and Caldwell 1993; Liu and Nummedal 2004; Liu et al. 2011). The region 
of  the Wasatch Plateau  was situated in  the flexurally subsiding  foredeep, less than  
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Figure 3.1 A) Location of the Wasatch Plateau study area along the western margin 
of the Western Interior Seaway and east of the Sevier Orogenic Belt (after Kauffman 
and Caldwell 1993). B) Geologic map of the eastern Wasatch Plateau outcrop belt 
(Williams and Hackman 1971; Ellis and Frank 1981; Witkind et al. 1987; Weiss et al. 
1990; Witkind and Weiss 1991; Dubiel et al. 2000; Doelling 2004; Hampson et al. 
2012), locating the position of the stratigraphic cross section in Figure 2 and 
highlighting four areas containing studied localities: Price Canyon, Straight Canyon, 
north of Emery, and Salina Canyon. C, D) Detailed geologic maps showing studied 
localities in C) Price Canyon, along Highway 6 (Russon 1992; Carroll 1993), and D) 
Salina Canyon (after Williams and Hackman 1971; Ellis and Frank 1981). 
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100 km from the thrust-sheet load of the Sevier Orogen (DeCelles and Coogan 
2006; Hampson 2010). The basin center was occupied by the Cretaceous Western 
Interior Seaway (Fig. 3.1) (Kauffman and Caldwell 1993). During the late 
Cretaceous, the Wasatch Plateau region lay at a paleo-latitude of c. 45° N and 
experienced a warm temperate to subtropical, seasonal climate (Kauffman and 
Caldwell 1993; Roberts and Kirschbaum 1995; Dubiel et al. 2000).  
 
The Blackhawk Formation is part of the Mesaverde Group, which includes the 
overlying river-dominated Castlegate Sandstone and underlying shallow-marine Star 
Point Sandstone (Fig. 3.2) (Spieker and Reeside 1925; Dubiel et al. 2000). These 
three lithostratigraphic units together form an eastward-thinning siliciclastic wedge 
that records eastward progradation into the basin (Young 1955; Hampson 2010). 
Based on estimated ammonite biozone durations calibrated against radiometric 
dates in correlative shallow-marine strata (Krystinik and DeJarnett 1995), the non- 
marine Blackhawk Formation represents a time interval of 3.5-4.0 Myr (Hampson 
2010; Hampson et al. 2012). The Blackhawk Formation has been interpreted to form 
a low-frequency highstand systems tract, overlain and truncated by a sequence 
boundary at the base of the Castlegate Sandstone (e.g. Howell and Flint 2003). 
Sandstone petrography indicates a source area that consisted of low-rank meta 
sediments, acidic volcanics, and older sediments exhumed from Precambrian and 
Paleozoic basement rocks that were most likely derived from the inactive Canyon 
Range thrust sheet culmination in the Sevier Orogen, situated approximately 80 km 
west of the Wasatch Plateau outcrop belt (DeCelles and Coogan 2006). 
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The lower Blackhawk Formation was deposited behind coeval wave-dominated 
deltaic shorelines in coastal plains containing brackish-floodplain swamps and ponds 
(Marley et al. 1979; Flores et al. 1984; Dubiel et al.2000; Hampson et al. 2012, 
2013). Overlying deposits in the upper Blackhawk Formation 1, 2, and 3 intervals 
record deposition on a marine-influenced coastal plain that passed landward into a 
fully non marine alluvial plain (Marley et al. 1979; Dubiel et al. 2000; Hampson et al. 
2012, 2013). The stratigraphic subdivisions within the Blackhawk Formation (“lower 
Blackhawk Formation 1”, “upper Blackhawk Formation 1”, “upper Blackhawk 
Formation 2”, and “upper Blackhawk Formation 3”) are defined by a series of 
laterally continuous coal zones, each containing one or more closely spaced coal 
seams that directly overlie, and are associated with, the up-dip pinchouts of shallow-
marine parasequences in the underlying Star Point Sandstone (Dubiel et al. 2000; 
Hampson et al. 2012). 
 
At a regional scale, channelised fluvial sandbodies increase in size and abundance 
from base to top of the Blackhawk Formation (Hampson et al. 2012). These trends 
have been attributed to decreasing tectonic subsidence during deposition of the 
upper Blackhawk Formation 1, 2, and 3 intervals (Fig. 3.2), which forced overall 
progradation of the siliciclastic wedge and an increase in avulsion rate during 
deposition of the lower Blackhawk Formation that occupied higher rates of tectonic 
subsidence (Hampson et al. 2013). Low amplitude (< 30 m) sea-level fluctuations are 
interpreted to control high-resolution stratigraphic architecture in the lower 
Blackhawk Formation (Fig. 3.2), which was deposited up to 50 km inland from the 
underlying coeval shoreline succession consisting of the Star Point Sandstone and 
Mancos Shale (Flores 1981; Dubiel et al. 2000; Hampson et al. 2013). The internal 
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character and apparent localised clustering of channelised fluvial sandbodies in the 
middle to upper Blackhawk Formation cannot be readily linked to high-frequency 
allogenic controls, and are instead interpreted to reflect autogenic behaviours such 
as avulsion (Hampson et al. 2012, 2013). 
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Figure 3.2 
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Figure 3.2 Summary stratigraphic cross section through the Star Point Sandstone, 
Blackhawk Formation, and lower Castlegate Sandstone in the Wasatch Plateau 
outcrop belt (Fig. 3.1B) (after Hampson et al. 2012 and references therein) combined 
with key parameters that constrain its regional context: distance from coeval 
shoreline, distance from sediment source, and sediment accumulation rate (after Fig. 
2 of Hampson et al. 2011, 2012, 2013). The top of the uppermost Star Point 
Sandstone parasequence is used as a local datum in parts of the cross section. The 
projected positions of the Bear Canyon, Kenilworth Castlegate D, and Rock Canyon 
coal zones are used to subdivide the Blackhawk Formation into four gross intervals 
(Hampson et al. 2012). The stratigraphic positions and coverage of the studied 
localities (Fig. 3.1B) are highlighted: 1. Straight Canyon, 2. north of Emery, 3. Salina 
Canyon, and 4. Price Canyon. 
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3.4. Dataset and Methodology 
 
The dataset for this study was assembled from exposures occurring within a large (c. 
100 km wide, c. 250 m thick), NNE-SSW transect through the Blackhawk Formation 
Wasatch Plateau outcrop belt. Localities in four areas of the outcrop belt were 
studied: (1) Price Canyon, in seven road-cut sections along Highway 6; (2) Straight 
Canyon, in a single road cut along Highway 10; (3) nearly-vertical cliff faces of the 
western Wasatch Plateau to the north of Emery; and (4) Salina Canyon, in 13 road 
cuts along Interstate 70 (Figs. 3.1B-D, 3.2). Price Canyon, Straight Canyon and the 
locality situated north of Emery are aligned sub parallel to regional depositional strike 
(Flores et al. 1984; Dubiel et al. 2000; Hampson 2010) (Fig. 3.2). Salina Canyon is 
positioned sub parallel to regional depositional dip (Fig. 3.2). Field localities were 
selected on the basis of easy access and/or continuous exposure (60-90%) of fine-
grained deposits, which are partly obscured over much of the outcrop belt (see 
evaluation of exposure quality in Figure 3 of Hampson et al. 2012). 
 
Detailed photomontages, field sketches, and measured sections were collected from 
the 21 road-cut localities, in order to carry out facies analysis, stratigraphic-
architectural analysis, and palaeosol characterization. The dimensions of road-cut 
exposures were measured using GPS spatial data and laser-surveyed thickness 
data. Each road-cut exposure is up to 330 m wide and 55 m high. The nearly-linear, 
nearly-vertical cliff faces to the north of Emery are not directly accessible, but they 
provide a larger-scale view of stratigraphic-architectural relationships. The cliff faces 
were studied using a series of oblique aerial photographs that were used to construct 
an architectural panel 2000 m wide by 280 m high aligned oblique to regional 
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depositional strike (corresponding to, and modified from, part of the panel shown in 
Figure 10C of Hampson et al. 2012, and Figure 3 of Hampson et al. 2013). 
 
The apparent widths, thicknesses, and cross-sectional areas of channelised fluvial 
sandbodies, and of architectural elements within and outside such sandbodies, were 
measured in road-cut and cliff-face exposures. Seventy-eight percent of channelised 
fluvial sandbodies in the dataset extend beyond the lateral extent of the cliff-face 
exposure or exhibit margins that are hidden beneath talus. When channel-belts 
occupy apparent widths of < 72 m and thicknesses of < 4 m, exposure size is 
typically large enough for the entire channel body to be exposed. Measured 
sandbody and architectural-element dimensions are estimated to have errors of < 
2.5% for the road-cut exposures and < 10% for the cliff-face exposures. Paleocurrent 
data are sparse for road-cut exposures and absent for cliff-face exposures, which 
limits the potential to convert apparent widths to true widths in this study. Little 3D 
orientation is available because road cuts and cliff faces are essentially two-
dimensional. The proportions of lithofacies within representative architectural 
elements were calculated from measured sections through the road-cut exposures. 
 
3.5. Facies and Architectural Analysis 
 
Fourteen lithofacies are recognised in the road-cut exposures, and named after the 
classification scheme of Miall (1985). Recurring groups of lithofacies define four 
facies associations (Table 3.1, Fig. 3.3) and eight architectural elements (Table 3.2, 
Fig. 3.4), which are described and interpreted below. 
 
127 
 
 Chapter 3. 
Facies Lithology and 
Sedimentary Structures 
Bioturbation 
Index & 
Palaeosol 
Maturity 
Geometry Interpretation 
Bms   
Matrix- 
supported 
breccia 
Matrix-supported, 
angular to subangular 
breccia-conglomerate 
with (sandstone and 
siltstone clasts). Poorly 
sorted matrix of sand, 
silt, and mud. 
 Apparent 
width: 7 m 
Thickness: 
10 - 25 cm 
Redeposition of scoured 
floodplain sediment by 
turbulent 
hyperconcentrated flows 
(e.g. Shultz 1984). 
Mi   
Mudstone 
intraclast 
deposit 
Matrix-supported, pebble 
to granule grade, 
subangular to rounded 
mudstone intraclasts 
containing carbonaceous 
and woody debris. 
 Apparent 
width : 7 m 
Thickness: 
6 - 50 cm 
 
Channel lag of redeposited 
material derived from cut-
bank erosion and bank 
slumping, and transported 
by high-velocity tractional 
currents (e.g. Miall 1985). 
St   Trough 
cross-
bedded 
sandstone 
Fine- to coarse-grained 
sandstone containing 
trough cross-beds, 
convolute bedding, dish 
structures, and load 
casts. Carbonaceous 
fragments. 
Horizontal 
and vertical 
burrows 
BI: 0-4 
MI: 0-4 
Bed 
thickness: 
27 - 162 m 
Migration of 3D dunes in 
response to unidirectional 
currents (e.g. Harms et al. 
1975). 
Sp   Planar 
cross-
bedded 
sandstone 
Fine- to coarse-grained 
sandstone containing 
solitary or grouped 
planar cross-beds, soft-
sediment deformation, 
mottling, and root traces. 
Horizontal 
and vertical 
burrows 
BI: 0-4 
MI: 0-3 
Set 
thickness: 
<80 cm 
Bed 
thickness: 
15 - 150 cm 
Migration of 2D dunes in 
response to unidirectional 
currents (e.g. Harms et al. 
1975). 
Sh  
Horizontally 
laminated 
sandstone 
and 
siltstone 
Fine-grained sandstone 
to siltstone containing 
planar-parallel 
lamination, soft-sediment 
deformation, mottling, 
and root traces. 
Carbonaceous debris. 
Scoyenia 
BI: 0-4 
MI: 0-4 
Bed 
thickness: 
25 - 150 cm 
 
Deposition under lower or 
upper plane-bed conditions 
by unidirectional currents 
(e.g. Harms et al. 1975; 
Miall 1985), followed by 
bioturbation and/or 
pedogenesis. 
Sl   Low-
angle 
cross-
bedded 
sandstone 
and 
siltstone 
Fine-grained sandstone 
or siltstone containing 
inclined, low-angle (< 15 
m) cross-beds, mottling, 
and root traces. 
Horizontal 
and vertical 
burrows 
BI: 0-3 
MI: 0-3 
Bed 
thickness: 
25 - 40 cm 
 
Accretionary migration of 
2D and 3D dunes in 
response to unidirectional 
currents in lower to upper 
flow-regime-transition (e.g. 
Cant and Walker 1976). 
Sr   
Current-
ripple 
cross-
laminated 
sandstone 
and 
siltstone 
Fine-grained sandstone 
to siltstone containing 
straight-crested 
asymmetrical ripples 
(including climbing 
ripples), mottling, and 
root traces. 
Scoyenia 
BI: 0-4 
MI: 0-4 
Set 
thickness: 
<5 cm 
Bed 
thickness: 
8 - 75 cm 
Migration of 2D ripples in 
response to unidirectional 
currents (e.g. Harms et al. 
1975). Climbing ripples 
record high sedimentation 
rate (e.g. Miall 1977). 
Sm   
Massive 
sandstone 
and 
siltstone 
Fine-grained sandstone 
to siltstone lacking 
primary structures. 
Mottling and nodules. 
Horizontal 
tubes, 
Teredolites 
BI: 0-3 
MI: 0-4 
Bed 
thickness: 
10 - 100 cm 
 
Rapid deposition of water-
saturated sediment, or 
homogenization by intense 
bioturbation and/or 
pedogenesis (e.g. Martin 
and Turner 1988). 
Ssh  Shelly 
sandstone 
Interbedded mudstone 
and medium- to fine-
Oyster 
bivalve, 
Thickness: 
<80 cm 
Deposition of mudstone 
from suspension and 
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Table 3.1 Summary of lithofacies types. Bioturbation style, intensity of bioturbation, 
and intensity of pedogenic modification are described using the ichnofacies of 
Pemberton et al. (1992), the bioturbation index of Taylor and Goldring (1993), and 
the palaeosol maturity index of Bown and Kraus (1987), respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
grained mudstone. 
Broken shell fragments, 
abundant fossils in life 
position. 
Ophiomorpha 
BI: 0-4 
MI: 0-1 
sandstone by intermittent 
tractional currents in 
brackish water (e.g. Scasso 
et al. 2012). 
Fi   
Interbedded 
mudstone, 
siltstone, 
and 
sandstone 
Interbedded mudstone, 
siltstone, and very-fine 
grained sandstone. 
Carbonaceous debris. 
BI: 0 - 3 
MI: 0 - 3 
Bed 
thickness: 
5 - 25 cm 
Deposition of mudstone 
from suspension and 
sandstone by intermittent 
tractional currents in fresh 
water (e.g. Miall 1985). 
Fl  
Laminated 
mudstone 
and 
siltstone 
Thinly laminated siltstone 
and mudstone. Root 
traces. 
 Thickness: 
<2 cm 
 
Deposition from 
suspension in saline water, 
followed by root penetration 
(e.g. Reading and 
Collinson 1996). 
Fm   
Massive 
mudstone 
and 
siltstone 
Structureless silty 
mudstone and siltstone. 
Root traces and 
carbonaceous debris. 
Horizontal 
tubes, 
Scoyenia 
BI: 0-3 
MI: 0-4 
Bed 
thickness: 
<105 cm 
Deposition from 
suspension, followed by 
homogenization by intense 
bioturbation and/or 
pedogenesis (e.g. Miall 
1985). 
Fr   Root-
penetrated 
bed 
Medium-grained 
sandstone to claystone 
containing multiple 
pedogenic features: (1) 
red-brown to green-
greycolour; (2) platy, 
granular, subangular 
blocky, or angular blocky 
peds; (3) root traces; and 
(4) calcite nodules. 
Carbonaceous debris. 
Scoyenia, 
Teredolites 
BI: 0-4 
MI: 0-4 
Bed 
thickness: 
<70 cm 
 
Well-developed 
pedogenesis, indicating 
palaeosol development 
(e.g. Miall 1985). 
C   Coal Vitreous to sub-vitreous 
coal. 
BI: 0-1 
MI: 0-4 
Bed 
thickness: 
8 - 100 cm 
 
Accumulation of peat under 
conditions of high water 
table and clastic-sediment 
starvation (e.g. Haszeldine 
1989; Bohacs and Suter 
1997). 
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Element Description  
Interpretation 
 
Channelised 
fluvial sandbody 
(CH) 
 
Channelised sandbodies consisting of fining-
upward successions that encompass a 
combination of SB, LA/DA, LS, and ES 
elements. CH elements occur as single-
storey bodies, and are stacked to form 
multistorey and multilateral bodies. 
Apparent width: 3 - >330 m. Thickness: 2 - 
21 m. Constituent lithofacies: Ccl, St, Sp, Sh, 
Sr, and Sm. 
Variably stacked channel-fill 
deposits, each containing 
internal cross-stratification 
produced by the migration of 
bars and smaller bedforms. 
Erosional amalgamation results 
in poor preservation of 
architectural elements (e.g. 
Miall 1996). 
Sandy bedform 
(SB) 
Lenticular or tabular, fining-upward units of 
large-scale horizontally stratified and planar 
cross-stratified sandstone. 
Apparent width: 12 - 40 m. Thickness: 2 - 12 
m. Constituent lithofacies: Sp and Sh. 
Vertical accretion and 
downstream migration of dune 
and plane-bed deposits (e.g. 
Hjellbakk 1997). 
 
Lateral and/or 
downstream 
accretion (LA/DA) 
Discontinuous, low-angle inclined accretion 
surfaces of varying or uncertain orientation 
relative to paleoflow. 
Apparent width: 8 - 15 m. Thickness: 1 - 8 m. 
Constituent lithofacies: St, Sp, Sr, and Sl. 
Lateral, oblique and/or 
downstream accretion of mid-
channel and side-attached bars 
(e.g. Miall 1985). 
 
Laminated sheet 
sandstone (LS) 
Discontinuous, sheet-like, upward-fining 
units of laminated sandstone, overlying flat to 
low-relief erosion surface. 
Apparent width: 10 - 90  m. Thickness: 2 - 9 
m. Constituent lithofacies: Sh and Sl 
gradationally capped by minor St, Sp, and 
Sr. 
Sand accumulation under 
upper-plane-bed conditions 
within channel (e.g. Miall 1996; 
Hjellbakk 1997). 
 
Erosional scour 
fill (ES) 
Discontinuous sandbody within concave-
upward erosional scour situated in channel 
fill (element CH). Erosional base lined by lag 
of discontinuous material, wood fragments, 
and sandstone and siltstone intraclasts. 
Apparent width: 10 - 45 m. Thickness: 0.5- 4 
m. Constituent lithofacies: St, Sp and Ccl. 
Scour fills developed on 
channel floor and tops and 
flanks of bars (e.g. Bristow 
1993). 
 
Levee and/or 
crevasse splay 
(LV/CS) 
Laterally extensive, sheet like body of 
interbedded sandstone, siltstone, and 
mudstone with sharp to erosive base and 
sharp top. Elements coarsen or fine-upward 
internally, and are penetrated by roots. 
Apparent width: 7 - >310 m. Thickness: 0.5- 
3 m. Constituent lithofacies: Bms, St, Sp, Sr, 
Sl Sh and Fi. 
Individual beds record waxing 
and/or waning of unconfined 
crevasse or levee flood events. 
Coarsening upward and fining 
upward of stacked beds record 
progradation and retreat of main 
channel (e.g. Miall 1985; Jones 
et al. 2001). 
Crevasse channel 
(CR) 
Lenticular or channelised sandstone and 
siltstone body. Sometimes contains inclined, 
low-angle lateral-accretion surfaces. 
Apparent width: 2 - 55 m. Thickness: 0.4 - 2 
m. Constituent lithofacies: St, Sp, Sr, Sl and 
Sh. 
Crevasse channel transporting 
sediment from main channel on 
to adjacent floodplain during 
flooding (e.g. Miall 1996). 
Floodplain fines 
(FF) 
Laterally extensive, sheet-like siltstones and 
mudstones that are root-penetrated and 
contain palaeosols. FF elements encase CH, 
CR, and CS/LV elements. 
Apparent width: 4 - >330 m. Thickness: 0.3 - 
14 m. Constituent lithofacies: Fl, Fm, and C. 
Vertical aggradation of 
vegetated floodplain via 
intermittent inundation of fine-
grained sediment from 
suspension during floods (e.g. 
Miall 1996). 
 
Table 3.2 Summary of architectural elements, after the scheme of Miall (1985, 1988, 
1996). 
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3.5.1. FA1: Channelised Fluvial Sandbodies 
 
3.5.1.1. Description 
This facies association consists of channelised sandbodies that occupy concave-
upward erosional bases and flat upper boundaries, and typically occur adjacent to 
deposits of the FA-2 and FA-3 facies associations. Sandbodies of the FA-1 facies 
association have apparent widths of < 710 m and thicknesses of < 21 m. Vertical 
successions between internal erosion surfaces generally show an upward-fining 
trend in grain size, and comprise a combination of trough and planar cross-bedded 
sandstone, horizontally laminated sandstone and siltstone, low-angle cross-bedded 
sandstone, massive sandstone, and current-ripple cross-laminated sandstone and 
siltstone (St, Sp, Sh, Sl, Sm, and Sr lithofacies; Table 3.1, Fig. 3.5). Erosional 
surfaces at the base of these channelised sandstones and within associated internal 
architectural elements are lined by thin (< 25 cm), discontinuous lags consisting of 
pebble to gravel grade mudstone intraclasts deposits (Mi lithofacies; Fig. 3.3B) that 
constitutes < 7% of the facies association. Bioturbation (Scoyenia ichnofacies, sensu 
Pemberton et al.1992), plant roots, and pedogenic calcareous nodules occur in 
lithofacies Sh and Sr, which are situated in the upper part of each upward-fining 
facies succession (bioturbation index sensu Taylor and Goldring 1993: 0-3, 
palaeosol maturity stage sensu Bown and Kraus 1987: 0-3). Limited average 
paleocurrent directions taken from road-cut exposures (localities SaC1-13, StC1, 
and Pc15-21 in Fig. 3.2) are directed towards the southeast, between 090° and 160°. 
 
The following elements are identified in channelised fluvial sandbodies (FA-1): 
channelised  fluvial sandbody (CH), sandy bedform (SB), lateral and/or  downstream 
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Figure 3.3 Photographs of selected lithofacies types (Table 3.1): A) matrix-
supported breccia comprising sandstone and siltstone pebbles (Bms), B) mudstone 
intraclast deposit (Mi), C) horizontally laminated sandstone and siltstone (Sh), D) 
current-ripple cross-laminated sandstone and siltstone (Sr), E) shelly sandstone 
(Ssh), F) interbedded mudstone, siltstone, and sandstone (Fi), G) laminated 
mudstone, carbonaceous shale, and shale (Fl), H) massive claystone, mudstone, 
and silty mudstone (Fm), and I) root-penetrated bed (Fr). 
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Figure 3.4 A) Uninterpreted photomontage for representative road-cut exposure of 
channelised fluvial sandbodies (facies association FA-1) and surrounding deposits, 
B) photomontage with interpreted facies associations and architectural elements. 
The photomontage is taken from locality SaC12 (Fig. 3.2). Locality of measured 
section SaC12 is illustrated in Figure 3.13, log SaC Fig. 3.12. C) Key to 
photomontages. No vertical exaggeration. 
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multistorey and multilateral channel-belt complex sandbodies (e.g. Hampson et al. 
2013). Single-storey bodies consist of one upward-fining architectural-element group 
accretion (LA/ DA), laminated sheet sandstone (LS), and erosional scour fill (ES) 
(Table 3.2; Fig. 3.4). These five elements are stacked in combination to form single- 
storey channel sandbodies, multilateral and multistorey channel-belt sandbodies, 
and (composed of elements ES, SB, LA/DA, and LS; Table 3.2) above a single major 
erosional surface. Multilateral and multistorey channel-belt bodies comprise laterally 
stacked architectural-element groups, and contain multiple internal major erosion 
surfaces which coalesce to form a composite basal surface. A series of vertically and 
laterally stacked and offset channel-belt bodies form multilateral and multistorey 
channel-belt complexes. 
 
3.5.1.2. Interpretation 
Sandbodies of this facies association are interpreted to represent deposition in river 
channels and bars, on the basis of their geometry, concave-upward basal erosional 
surfaces, and prevalence of lithofacies that contain structures indicative of 
unidirectional currents (lithofacies St, Sp, Sr) (Marley et al. 1979; Flores et al. 1984; 
Dubiel et al. 2000). Single channelised fluvial sandbody storeys that display a simple 
“cut-and-fill” architecture (Mohrig et al. 2000), and stories and belts that contain a 
single storey of lateral accretion surfaces with a consistent direction are interpreted 
as deposits generated by single-thread channels (Hampson et al. 2013). In contrast, 
a combination of (1) abundant laterally and vertically offset channel and bar 
elements contained within the channelised fluvial sandbodies, (2) the occurrence of 
lenses consisting of FA-3 deposits that represent floodplain remnants situated 
between and within each multistorey channelised sandbody, and (3) the presence of 
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multiple stacked elements of ES and SB (Table 3.2), and facies such as Mi, St, and 
Sp (Table 3.1) that represent bedload are characteristic of deposition by multiple-
thread channels. However, the occurrence of numerous internal scour surfaces in 
these deposits suggests that channels were subject to variable discharge (Jo 2003). 
 
Elements (LA/DA, ES, and SB) and constituent lithofacies (lithofacies St, Sp, and Sr) 
situated towards the base of the upward-fining units indicate deposition via migration 
of sinuous and straight-crested dunes and ripples, respectively, that occurred during 
the early stages of channel filling, when water level and sediment load were 
commonly high (Harms et al. 1975; Bristow 1993). Lithofacies situated towards the 
top of each channelised fluvial sandbody succession (lithofacies Sh, Sm, Sr, Sl; Fr, 
element LS, Table 3.2) were deposited through the late stages of channel filling 
during decreasing flow velocities and water depths, channel abandonment (indicated 
by root traces) in bar-top assemblages (Miall 1977, 1985; Olsen 1988), and via dune 
migration (Amirch et al. 2001; Jo and Chough 2001). The Scoyenia ichnofacies is 
suggestive of fresh-water influence (Pemberton et al. 1992; Srivastava 2010). 
 
3.5.2. FA2: Non-Channelised Fluvial Sandstones and Siltstones 
 
3.5.2.1. Description 
This facies association is composed of planar cross-bedded sandstone (Sp; 10%), 
horizontally laminated sandstone and siltstone (Sh; 33%), current-ripple cross-
laminated sandstone and siltstone (Sr; 28%), and massive sandstone (Sm; 25%). 
Current-ripple cross-laminated sandstones may exhibit climbing ripples. Other 
lithofacies included in this facies association (Bms, Mi, St, Sl, Fi, and Fr lithofacies; 
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Table 3.1, Fig. 3.3) are rarely observed, constituting only 5% of the facies 
association. Most beds (constituting 69% of the facies association) have a fining-
upward (lithofacies Bms, Mi, St, Sp, Sh, Sl, and Sr respectively) or coarsening-
upward (lithofacies Sr, Sh, Sp and St respectively) grain-size trend (Figs. 3.5A-C, 
3.6), but others (constituting 28% of the facies association) are largely composed of 
massive sandstone (lithofacies Sm). Intercalated between the sandstone beds are 
laterally extensive intervals of carbonaceous fissile mudstone and siltstone 
(lithofacies Fi, constituting 3% of the facies association) that contain thin (3-10 cm) 
beds of structureless, parallel-laminated, and current-ripple cross-laminated 
sandstone (lithofacies Sm, Sr, Sh). Convolute lamination, root traces (palaeosol 
maturity stage 0-3), and bioturbated beds (Scoyenia ichnofacies, bioturbation index 
0-4) are situated towards the tops of most beds. Average paleocurrent directions 
taken from deposits of FA-2 in road-cut exposures (localities SaC1-13, StC1, and 
Pc15-21 in Fig. 3.2) are directed towards the southeast, between 120 ° and 150°. 
 
Ninety-seven percent of FA-2 exposure consists of sheet-like, laterally extensive 
sandstones and interbedded siltstones that exhibit sharp or locally erosional bases, 
bed thicknesses of 0.1-1.0 m, apparent widths of < 310 m, and gradational or sharp 
tops (LV/CS element, Table 3.2, Fig. 3.6B). 3% of FA-2 exposure consists of single 
or multiple lenticular and channelised sandbodies at the same stratigraphic level (CR 
element, Table 3.2) that exhibit apparent widths of 2-60 m. The large-scale context 
provided by the cliff-face exposures (Fig. 3.7) demonstrates that all channelised 
sandbodies of FA-1 are overlain, underlain, and lie laterally adjacent to architectural 
elements that characterise FA-2 and FA-3. CR and LV/CS elements are abundant in 
some parts of the road-cut and cliff-face exposures (Figs. 3.4, 3.6, 3.7) and form a 
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significant proportion (30-60%) of the total area of FA-2 and FA-3 strata exposed 
within them. LV/CS elements are more dominant towards the base of the Blackhawk 
Formation in cliff-face exposures situated north of Emery (Figs. 3.1 and 3.7C), 
whereas the size and abundance of channelised fluvial sandbodies increases from 
base to top of the Blackhawk Formation. This latter trend is consistent with 
previously documented large-scale distribution of channelised fluvial sandbodies 
over the outcrop belt (Hampson et al 2012). However, the former trend may result 
from uncertainty in mapping facies at a larger scale, because crevasse splays are 
much thinner than channelised fluvial sandbodies and may thus be difficult to 
distinguish or be hidden beneath talus. Alternatively, larger channel bodies may have 
eroded away any existing evidence of crevasse-splay or levee development in the 
upper Blackhawk Formation strata. 
 
3.5.2.2. Interpretation 
The sheet-like and lenticular geometry, small thickness, and predominance of 
structures generated by unidirectional currents in the sandstones and siltstones, 
combined with their positioning adjacent to and extending from channelised fluvial 
sandbodies (FA-1), is suggestive of deposition in crevasse splays or levees (CS/ LV 
element, Table 3.2), and crevasse channels (CR element, Table 3.2) that formed in 
response to breaching of a main channel during periods of intermittent overbank 
flooding (Marley et al. 1979; Flores et al. 1984; cf. Fielding 1986). Erosional bed 
bases overlain by breccia and mudstone intraclast deposits (lithofacies Bms and Mi; 
Fig. 3.3A, B) located at the base of LV/CS elements suggest scouring of a cohesive 
mudstone substrate by turbulent, unconfined flows during crevasse or levee flooding 
(Shultz 1984). The lenticular geometry of some crevasse-channel bodies reflects 
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differential compaction. As inferred previously, the spatial distribution and internal 
architecture of channelised sandbodies in the Blackhawk Formation reflect 
predominantly autogenic behaviours such as avulsion (Hampson et al. 2012, 2013). 
This inference is consistent with the abundance of crevasse-channel, crevasse-
splay, and/or levee deposits (e.g. Figs. 3.4, 3.6, 3.7), which implies frequent 
overbank flooding and associated sediment dispersal on to the floodplain, rapid 
avulsion, and also relatively constant floodplain aggradation (e.g. Kraus and Aslan 
1993; Kraus 1996). 
 
The fining-upward grain-size trend in most beds indicates waning uni-directional 
current velocities during a single flow event (Bridge 1984). Successions of stacked 
coarsening- and thickening-upward sandstone beds (e.g. Fig. 3.6) imply gradual 
crevasse-splay or levee progradation or abandonment into a fine-grained floodplain 
(Elliott 1974; Farrell 2001). Structureless sandstone beds (lithofacies Sm) may have 
been deposited through dumping from a sediment-laden turbulent suspension 
(Shultz 1984), or have been modified after deposition by soft-sediment deformation, 
bioturbation, or pedogenic processes that destroyed the primary fabric. The 
occurrence of roots and pedogenic mottling at multiple bed tops in this facies 
association suggests repeated periods of non-deposition, and fluctuations in water 
level and/or episodic deposition on elevated parts of the floodplain (cf. Fielding 1986; 
Melvin 1987). The Scoyenia ichnofacies indicates fresh-water influence and forms in 
moist or wet, non-marine substrates (Pemberton et al. 1992; Srivastava 2010). 
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Figure 3.5 Representative measured sections that illustrate lithofacies successions 
and facies associations in the studied strata, from localities: A) Key to measured 
sections; refer to Figure 3.4C for key to facies associations, B) SaC9, C) SaC3, and 
D) SaC1 (Fig. 3.2). The intensity of bioturbation and pedogenic modification 
aredescribed using the bioturbation index of Taylor and Goldring (1993) and the 
palaeosol maturity stages of Bown and Kraus (1987). 
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Figure 3.5 continued 
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3.5.3. FA3: Non-Channelised Floodplain Fines 
 
3.5.3.1. Description 
This facies association consists of laterally continuous sheet-like units (element FF; 
Table 3.2) of siltstone, mudstone, and coal that overlie and underlie sheet-like 
sandstones and siltstones (FA-2, FA-4) and are eroded into by channelised fluvial 
sandbodies (FA-1, FF element, Table 3.2). This facies association occurs in 
successions 0.8-6.0 m thick and typically extends beyond the lateral limits of the 
road-cut exposure (Figs. 3.4 and 3.6). Lithofacies comprise: laminated mudstone 
and siltstone that contain root-penetrated beds (lithofacies Fl, Fr; 84% of facies 
association), massive mudstone and siltstone (lithofacies Fm; 11% of facies 
association), and coal (lithofacies C; 5% of facies association) (Figs. 3.5, 3.6). 
Laminated mudstones and siltstones (lithofacies Fl) and massive mudstones 
(lithofacies Fm) are locally penetrated by roots (palaeosol maturity stage: 0-3) and 
vertical burrows (Teredolites ichnofacies; bioturbation index: 0-4) in the top 10 cm of 
each bed. Coal (lithofacies C) contains structureless, thinly laminated (1-3 mm), and 
thickly (3-10 mm) laminated beds, and locally grades upward into mudstone and 
siltstone (lithofacies Fl and Fm). 
 
3.5.3.2. Interpretation 
The lithofacies that constitute the facies association accumulated initially via 
suspension settling, and given their sheet-like geometry and the fine-grained 
character, are interpreted as the products of periodic overbank sheet floods (Marley 
et al. 1979; Flores et al. 1984; cf. Miall 1977). The thin, parallel-laminated nature of 
most mudstones and siltstones (lithofacies Fl), coupled with their sheet-like 
geometry, suggests that deposition took place during periods of unconfined flow 
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across parts of the floodplain that rarely received sand input. Massive mudstones 
and siltstones (lithofacies Fm) lost their primary fabric by bioturbation and/or 
pedogenesis, which also occurred to a lesser degree in other deposits (lithofacies Fl, 
Fr, C). The predominantly dark-coloured and carbonaceous nature of lithofacies Fl 
and Fm suggests that the floodplain was water-saturated (cf. Besly and Fielding 
1989). Coal beds (lithofacies C) record the accumulation and preservation of plant 
material in water-saturated mires, which requires a sustained high water table and 
starvation of clastic sediment (Haszeldine 1989; Bohacs and Suter 1997). The 
Teredolites ichnofacies is associated with the in situ accumulation of carbonaceous 
material in woodground substrates (Bromley et al. 1984). 
 
3.5.4. FA4: Brackish Floodplain Deposits 
 
3.5.4.1. Description 
 
The association comprises shelly sandstone (lithofacies Ssh; 85 % of facies 
association), laminated mudstone and siltstone (lithofacies, Fl; 10 % of facies 
association), horizontally laminated sandstone and siltstone (lithofacies Sh; 2 % of 
facies association), and current-ripple cross-laminated sandstone and siltstone 
(lithofacies Sr; 3% of facies association) that occur in sheet-like units < 3.8 m thick. 
Shelly sandstones (lithofacies Ssh) contain complete oyster shells (< 5 cm long), 
which are dispersed within small (< 0.5 mm) broken undifferentiated shell fragments. 
Bioturbation by a low-diversity trace-fossil assemblage containing Ophiomorpha 
(bioturbation index: 0-5), carbonaceous lenses, and green reduction spots (< 2 cm in 
diameter) are also observed (Fig. 3.5C). 
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3.5.4.2. Interpretation 
This facies association is interpreted to represent the fills of brackish-floodplain 
ponds and/ or lakes (Marley et al. 1979; Flores et al. 1984; Hampson et al. 2011, 
2012), as indicated by the presence of oysters coupled with a low-diversity of 
impoverished marine ichnofacies (MacEachern and Bann 2008). Structures 
indicative of tidal influence are absent. This facies association occurs only in the 
lowermost Blackhawk Formation (Fig. 3.5C; locality SaC1 in Fig. 3.2), suggesting its 
greater proximity to the coeval shoreline and underlying shallow marine Star Point 
Sandstone (Fig. 3.2). 
 
3.6. Palaeosol Analysis 
3.6.1. Description 
 
Two hundred and thirty palaeosols (lithofacies Fr; Fig. 3.5) were identified in the 370 
m of measured section taken from road-cut exposures (Fig. 3.2). Three types of 
palaeosol are recognised in the Blackhawk Formation, as summarised below and 
illustrated in Figure 8. Palaeosol maturity is characterised by the degree of 
development of various pedogenic features, and the studied palaeosols are assigned 
to maturity stages 1 to 3 using the palaeosol maturity scheme of Bown and Kraus 
(1987) (Fig. 3.9). Stage 1 palaeosols are very weakly developed (sensu Retallack 
1988), and contain > 80% of the primary depositional fabric. Stage 2 palaeosols 
retain 60-70% of their primary depositional fabric and are weakly developed (sensu 
Retallack 1988). Stage 3 palaeosols are weakly to well developed (Retallack 1988). 
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Figure 3.6 A) Uninterpreted photomontage for non-channelised fluvial sandstones 
and siltstones (facies association FA-2), B) photomontage with interpreted facies 
associations and architectural elements, and C) correlation panel through measured 
sections. The photomontage is taken from locality SaC8 (Fig. 3.2). Refer to Figures 
3.4D and 3.5D for keys to photomontages and measured sections. 
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(1) The first type of palaeosol shows a maturity stage 1 and constitutes 43% of the 
studied palaeosols. This type is grey to white in colour, consists of one single horizon 
(A or E horizon), contains carbonaceous root traces and platy aggregates (i.e. peds), 
and is < 2 m thick (e.g. Fig. 3.8A). 
 
(2) The second type of palaeosol is < 5 m in thickness, and exhibits a maturity stage 
of 2-3. This type constitutes 39% of the studied palaeosols. Stage 2 palaeosols of 
this type contain a grey to white lower horizon (E horizon) that grades upward into an 
orange-brown or white-grey, rooted horizon (A horizon) (e.g. Fig. 3.8B). Stage 3 
palaeosols of this type contain a clayey or organic-rich lower horizon (B horizon), 
and a root-penetrated, orange-brown or white-grey upper horizon (A horizon) that 
exhibits some degree of red and purple colouration. Stage 3 palaeosols also contain 
mottled surfaces, calcareous glaebules (< 6 mm in diameter), subangular to angular 
blocky peds, and vertically spreading root traces. 
 
(3) This third type of palaeosol is organic-rich and grey, and contains coal horizons 
(O horizons) of < 1.25 m thick (e.g. Fig. 3.8C), and constitutes 18% of the studied 
palaeosols. This palaeosol type also includes clay-coated, platy to granular peds, 
root traces, oxidized patches (up to 3 cm in diameter), tree resin, pyrite, and 
carbonaceous lenses. These palaeosols show a maturity stage of 1-3. 
 
Palaeosols occur in both non-channelised fluvial sandstones and siltstones (FA-2) 
and non-channelised floodplain fines (FA-3), at discrete intervals with gradational 
lower  contacts  and  sharp  or gradational upper contacts  (Figs. 3.5, 3.6, 3.9).  They  
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Figure 3.7 
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Figure 3.7 A) Panel showing simplified stratigraphic architecture in the Blackhawk 
Formation along the cliff-face exposures north of Emery (Figs. 3.1B, 3.2) (after 
Figure 10C of Hampson et al. 2012, and Figure 3 of Hampson et al. 2013), B) 
uninterpreted photographs, and C) photographs with interpreted facies associations 
and architectural elements, for well-exposed sections of the cliff-face panel (Fig. 
3.10A). 
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Figure 3.8 Photographs of representative palaeosols. A) entisol of stage 1 palaeosol 
maturity (sensu Bown and Kraus 1987), in which the primary depositional fabric is 
largely preserved; B) inceptisol of stage 2 palaeosol maturity in which more intense 
pedogenesis has overprinted the primary fabric but bedding is still distinct; and C) 
histisol of stage 1 palaeosol maturity, with an upper coal horizon marked by a coal. 
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can be traced laterally over each road-cut exposure (up to 100 m) and commonly 
extend beyond the lateral limits. The palaeosols occur either as single horizons of 
maturity stage 1 that are 0.1-2 m thick (61% of studied palaeosols), or as stacked 
(compound or composite) palaeosol horizons of maturity stage 2-3 (39% of studied 
palaeosols) (sensu Kraus and Aslan 1993). Stacked palaeosol packages are 
situated either at the tops of thin (0.4 to 1.8 m) sheet-like sandstones, or at 
lithofacies-unit boundaries in successions of FA-2 and FA-3 (Fig.3.9). 
 
3.6.2. Interpretation 
 
The general abundance of rootlets and pedogenic mottling is suggestive of a 
floodplain that was extensively vegetated, whereas the preservation of 
carbonaceous material and absence of desiccation cracks suggests that the 
floodplain was also generally waterlogged (cf. Besly and Fielding 1989). The three 
types of palaeosol identified in the Blackhawk Formation are interpreted as: (1) 
immature, incipient palaeosols (entisols); (2) partly drained, incipient and young 
palaeosols (entisols and inceptisols); and (3) hydromorphic, peaty palaeosols 
(histosols). The majority of palaeosols (95%) are very weakly-to-moderately 
developed (e.g. Figs. 3.5, 3.8, 3.9). This suggests that there was insufficient time 
between sedimentation for thick composite palaeosol profiles to develop, and 
therefore indicates frequent episodes of overbank flooding and sedimentation under 
relatively rapid rates of sediment accumulation (Kraus and Gwinn 1997). Limited 
occurrences (5%) of well-developed palaeosols indicate prolonged periods of 
pedogenesis and reduced rates of sedimentation immediately prior to the arrival of a 
newly avulsed channel. 
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(1) Immature, incipient palaeosols record intermittent and short-lived plant 
colonization of floodplain sub-environments such as levees or crevasse splays. Their 
predominantly grey colour and the occurrence of carbonaceous material implies soil 
formation under waterlogged, reducing conditions of poor surface drainage (Besly 
and Fielding 1989). 
 
(2) Partly drained, incipient and young palaeosols contain evidence for development 
under waterlogged, reducing conditions, in the form of their predominantly grey 
colour and abundant carbonaceous material, particularly in their lower part (E and B 
horizons). In contrast, purple and red colouration in their upper part (A horizon) and 
the vertically spreading character of root traces indicates modification of haematite 
under oxidizing conditions during pedogenesis (Kraus and Gwinn 1997; Retallack 
1997), implying development under well-drained conditions (Duchaufour 1982). In 
combination, these features imply that the palaeosols were affected by marked 
oscillation of the water table (Besly and Fielding 1989). 
 
(3) Hydromorphic, peaty palaeosols are interpreted to have formed in shallow 
waterlogged swamps that contained a high concentration of plant material (Besly 
and Fielding 1989; Mack et al. 1993). Their grey colour is typical of gleization under 
poorly drained surface and subsurface conditions (Duchaufour 1982), and the coals 
that form their upper parts (O horizon) require sustained conditions of high water 
table and clastic sediment starvation (Haszeldine 1989; Bohacs and Suter 1997).  
 
The presence of one single root-penetrated horizon indicates short-lived palaeosol 
development  during   a  sustained  period   of  floodplain    aggradation.  In  contrast,  
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Figure 3.9 Measured sections of representative palaeosols and the successions 
containing them. A) Four “simple” palaeosol successions (labelled 1-4) consisting of 
entisols and inceptisols (cf. Fig. 3.8 A, B) that increase in thickness with increased 
proximity to the overlying channelised sandstone body (locality SaC2; Fig. 3.2). B) 
Three “simple” palaeosol successions (labelled 5-7) consisting of inceptisols and 
histosols, beneath a major channelised sandstone body (locality Pc15; Fig. 3.2). 
Refer to Figure 3.5D for key to measured sections. 
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stacked palaeosol packages that include two or more palaeosol horizons and thicker 
histosols record longer hiatuses in sedimentation (Fig. 3.9). “Simple” palaeosol 
packages develop where they cap individual sandstone beds, individual crevasse or 
crevasse-splay and levee complexes, or where they bound lithofacies units in 
successions of FA-2 and FA-3 prior to the onset of avulsion. 
 
3.7. Discussion 
 
Below, photopans (e.g. Fig. 3.10) of each road-cut exposure combined with 
composite sections (Fig. 3.11, 3.12) are used for classification of avulsion style. I 
then compare data from composite sections constructed from the road-cut 
exposures at Price Canyon and Salina Canyon, respectively (Fig. 3.2), in order to 
evaluate stratigraphic and paleogeographic variability in avulsion style. The wider 
implications of this case-specific analysis for models of alluvial to coastal plain 
stratigraphic architecture are also addressed. 
 
3.7.1. Classification of Avulsion Style 
 
Of the thirty-five channels documented (20 at Salina Canyon, and 15 at Price 
Canyon), three styles of avulsion are interpreted according to the criteria outlined 
below. Ten channels formed via avulsion by annexation, nine by avulsion by 
progradation, and five by an incisional style of avulsion. Eleven sandbodies could not 
be interpreted due to data limitations described later in this section. The percentages 
of avulsion style outlined below and in Figure 3.13 are calculated according to 
sandbody occurrence. 
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Twenty nine percent of the channelised fluvial sandbodies (CH element; FA-1) 
exhibit vertically amalgamated stories (e.g. Fig. 3.10A-D; Pc17, Fig. 3.11; and 
StC14, Fig. 3.2) that imply repeated reoccupation of the same site by avulsing 
channels (e.g. Aslan and Blum 1999; Mohrig et al. 2000). The occurrence of 
moderately to well-developed palaeosols (< 1.2 m; SaC10, Fig. 3.12) and lenses of 
fine-grained floodplain deposits situated towards the top of and within multistorey 
channel-belts provides evidence for channel abandonment and periods of subaerial 
exposure in relative lows on the floodplain, prior to reoccupation following a later 
avulsion (Mohrig et al. 2000). Multistorey sandbodies may cut down into CS/LV (< 5 
m thick; SaC3 and SaC10-14, Fig. 3.12) or FF elements (< 3.5 m thick; Pc21, 
Fig.3.11). The thickness of strata cropping out beneath the channel-belts ranges 
between 0.5 m and 10 m. These architectures are interpreted to record avulsion by 
annexation, whereby flow-path selection takes place via channel localization. 
Avulsion by progradation or incision may lead to avulsion by reoccupation when the 
progradation of crevasse splays or levees redirect new avulsion channels towards a 
previous site of avulsion (Slingerland and Smith 2004). 
 
Twenty-six percent of the channelised fluvial sandbodies consist of isolated stories 
that cut into a subjacent succession of upward-thickening (e.g. Figs. 3.10E-G, 3.12, 
St14) or upward-thinning (e.g. Figs. 3.6B, 3.11; Pc21) crevasse-splay beds (CR, 
LV/CS, elements, FA-2). The splay deposits contain weakly to moderately-developed 
palaeosols, are fine-to-medium grained, and contain bioturbation and root traces 
(SaC13; Fig. 3.12). This architecture is interpreted to record progressive increases in 
sedimentation rate and gradual progradation of a fluvial channel into a 
topographically low part of a floodplain preceding avulsion (“stratigraphically 
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transitional avulsion” of Jones and Hajek 2007). Where an isolated channelised 
fluvial sandbody storey cuts into a subjacent succession of upward-thinning 
crevasse-splay beds (< 6 m thick; SaC1-3, Fig. 3.12), this may represent a decrease 
in proximity to a fluvial channel prior to avulsion. However, the underlying crevasse-
splay complex may still be genetically related to the overlying channelised fluvial 
sandbody storey, since crevasse-splay complexes exhibit much lateral variation at 
bed scale (e.g. Smith et al. 1989). Both of these architectures are interpreted to 
record avulsion by progradation, and involve a phase of deposition prior to avulsion 
(Smith et al. 1989; Slingerland and Smith 2004). The thickness of strata cropping out 
beneath the channel-belt ranges between 3.5 m and 36 m (SaC6, SaC11-13; Fig. 
3.12). 
 
Fourteen percent of the channelised fluvial sandbodies consist of stories that cut into 
subjacent fine-grained floodplain deposits (element FF) of < 3 m thickness (e.g. Fig. 
3.10H-J; SaC7, Fig. 3.12). Floodplain deposits may comprise coals and palaeosols. 
This architecture is interpreted to record the abrupt introduction of a fluvial channel 
by avulsion (“stratigraphically abrupt avulsion” of Jones and Hajek 2007) and records 
avulsion by incision (Slingerland and Smith 2004). The thickness of strata cropping 
out beneath the channel-belt ranges between 2.5 m and 14 m (Pc15 and Pc19, 
Figs.3.11, 3.12; SaC9). This style of avulsion indicates a period of non-deposition 
prior to avulsion. Avulsion took place in part of the floodplain that was subjected to 
slow gradual sediment accumulation (Slingerland and Smith 2004; Jones and Hajek 
2007). 
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The analysis of avulsion-generated stratigraphic relationships and associated 
parameters (e.g. topographic relief, type of vegetation, water-table position) based 
solely on outcrop datasets has proven to be problematic (Smith et al. 1989; Kraus 
and Wells 1999; Mohrig et al. 2000). Thirty-one percent of the channelised fluvial 
sandbodies taken from road-side cuttings exhibit either limited or no exposure, or 
stratigraphic contacts that extend beneath or beyond the extent of exposure. This 
makes important relationships between channelised fluvial sandbodies and 
surrounding facies, and avulsion style difficult to define. Uncertainty can arise if 
channelised fluvial sandbodies do not simply cut into crevasse-channel, crevasse-
splay, and/or levee deposits (CS/LV, CR element) or fine-grained floodplain deposits 
(FF element), but extend downwards through both. Channel migration can also 
erode traces of smaller channelised bodies or crevasse-splay deposits, which can 
lead to incorrect interpretation of avulsion style if lateral and vertical stratigraphic 
relationships are not exposed with sufficient completeness. In order to interpret 
avulsion by channel reoccupation, palaeosols or intra formational erosional scours 
within each multistorey channelised body need to be recognised in order to 
characterise the relationships between older and younger channel deposits. 
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Figure 3.10 A, F, H) Un-interpreted photomontages, B, G, I) photomontages with 
interpreted facies associations and architectural elements, and C, D, E, J) measured 
sections, for road-cut exposures of representative avulsion-related architectural 
styles. Parts A-D illustrate multistorey channelised fluvial sandbodies (locality SaC3; 
Figs. 3.2, 3.12); the lowest sandbody overlies crevasse-splay deposits and non-
channelised floodplain fines, and represents avulsion by reoccupation (sensu 
Slingerland and Smith 2004). Stacking of channelised fluvial sandbodies stories 
within each multistorey sandbody may represent avulsion by reoccupation.  Parts E-
G illustrate a single-storey channelised fluvial sandbody that overlies crevasse-splay 
deposits (locality SaC2; Figs. 3.2, 3.12), which represents avulsion by progradation 
(sensu Slingerland and Smith 2004; cf. “stratigraphically transitional avulsion” of 
Jones and Hajek 2007). Measured sections through stratigraphically transitional 
avulsion deposits contain only poorly developed, “simple’ palaeosols” implying 
relatively high and constant rates of floodplain aggradation. Parts H-J illustrate a 
single-storey channelised fluvial sandbody that overlies deposits of non-channelised 
floodplain fines (locality SaC9; Figs. 3.2, 3.12), which represents avulsion by incision 
(sensu Mohrig et al. 2000, Slingerland and Smith 2004; “stratigraphically abrupt 
avulsion” of Jones and Hajek 2007). Refer to Figures 3.4D and 3.5D for keys to 
photomontages and measured sections. 
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Figure 3.10 continued 
 
 
 
 
 
 
 
157 
 
 Chapter 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 continued 
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3.7.2. Temporal and Spatial Variations in Avulsion Style 
 
Below I compare data from composite sections constructed from the road-cut 
exposures at Price Canyon and Salina Canyon, respectively (Fig. 3.2). Comparison 
of individual exposures in each composite section (Figs. 3.11, 3.12) and between the 
two composite sections (Fig. 3.13) enables stratigraphic and paleogeographic 
variations in facies association content, palaeosol character, and avulsion style to be 
assessed, assuming that the measured sections from each locality are 
representative of the stratigraphic intervals that contain them. 
 
3.7.2.1. Description 
The relative proportions of facies associations FA-1, FA-2, and FA-3 do not appear 
to vary spatially or temporally between Price Canyon and Salina Canyon (Fig. 3.13). 
The proportion of channelised fluvial sandbodies (FA-1) in different stratigraphic 
intervals of the Blackhawk Formation varies between 19% and 55% in Salina 
Canyon, and between 18% and 35% in Price Canyon. In Salina Canyon, an upward 
increase in the abundance of channelised fluvial sandbodies (FA-1) is observed 
(Figs. 3.12, 3.13), in line with the regional trend (Hampson et al. 2012), but a similar 
upward increase is not apparent at Price Canyon (Figs. 3.11, 3.13). Coals (part of 
FA-3) are most abundant in the lower 50 m of this interval at Price Canyon and 
Salina Canyon (Doelling 1972; Flores et al. 1984; Dubiel et al. 2000; Hampson et al. 
2012) but are still observed throughout the Blackhawk Formation (Figs.3.11, 3.12). 
There is no apparent stratigraphic pattern in the proportion of different palaeosol 
types observed in Salina Canyon (Figs. 3.12, 3.13). In contrast, at Price Canyon 
(Figs. 3.11, 3.13) a consistent vertical increase in the proportion of immature 
incipient palaeosols, and associated decrease in the proportion of wet hydromorphic 
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peaty palaeosols, is observed. The proportion of palaeosols that are present as 
“simple” palaeosol packages (Bown and Kraus 1987; Kraus 1996), decreases 
slightly in younger stratigraphic intervals of the Blackhawk Formation, from 45% in 
the “upper” Blackhawk Formation 1 interval to 41% in the “upper” Blackhawk 
Formation 3 interval in Price Canyon, and from 30% in the “lower” Blackhawk 
Formation interval to 25% in the “upper” Blackhawk Formation 2 interval in Salina 
Canyon (Fig. 3.13). 
 
There is an apparent lack of any consistent stratigraphic or paleogeographic trend in 
the type or relative abundance of interpreted avulsion style, although it should be 
noted that the data are incomplete at some stratigraphic levels (Figs. 3.11, 3.12, 
3.13). The proportion of channelised fluvial sandbodies that exhibit avulsion by 
progradation in different stratigraphic intervals of the Blackhawk Formation varies 
between 20 % to 50% in Salina Canyon and between 0% and 20% in Price Canyon, 
but there are no consistent trends from lower to higher stratigraphic intervals. 
Avulsion by reoccupation varies correspondingly between 0% and 33% in Salina 
Canyon and between 0% and 66% in Price Canyon. Avulsion by erosion varies 
between 0% and 20% in Salina Canyon and between 0% and 33% in Price Canyon 
(Figs. 3.11, 3.12, 3.13). 
 
3.7.2.2. Interpretation 
A larger proportion of coals in the lower Blackhawk Formation interval at Price 
Canyon and Salina Canyon and an upward decrease in the proportion of 
hydromorphic peaty palaeosols at Price Canyon suggests either the gradual 
seaward-to-landward advance of the fluvial system through time, a reduction in 
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drainage capacity of the floodplain, and/or decrease in water table from base to top 
of the Blackhawk Formation. Thus there was a paleogeographic difference in 
discharge, a variation in drainage conditions, or a combination of both between the 
two locations. The apparent upward decrease in the abundance of ‘simple’ palaeosol 
packages in both northern and southern sections of the Wasatch Plateau outcrop 
belt suggests a decrease in avulsion frequency and/or an increase in sediment 
accumulation rate through time, which reduced the development time of soils (Kraus 
2002). The absence of any consistent trends in facies association proportions and 
avulsion style between Price Canyon and Salina Canyon and between stratigraphic 
intervals within the Blackhawk Formation (Fig. 3.13) emphasizes the role of localised 
controls and autogenic behaviours on stratigraphic architecture. An apparent lack of 
spatial and temporal patterns in the type and abundance of avulsion styles that takes 
place under a wide range of distances from the coeval shoreline (0-100 km; Fig. 3.2; 
Hampson et al. 2012), and sediment accumulation rates (80-700 m/Ma; Fig. 3.2) 
implies that avulsion styles and behaviours are relatively insensitive to variations in 
these boundary conditions. The wider implication for models of alluvial to coastal 
plain stratigraphic architecture is that the type and relative abundance of avulsion 
style may vary only subtly with changes in (at least some) boundary conditions. The 
stratigraphic architecture of floodplain deposits may thus be a poor indicator of 
allogenic forcing, contrary to the predictions of established sequence stratigraphic 
models (e.g. Wright and Marriot 1993; Shanley and McCabe 1994), but instead 
provide information largely on localised controls and conditions such as topographic 
relief, presence or absence of abandoned or active channels on the floodplain during 
the onset of avulsion, type of vegetation, sediment discharge, water-table position, 
and substrate lithology (Slingerland and Smith 2004; Jones and Hajek 2007). 
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Figure 3.11 Simplified measured sections from each locality in Price Canyon (Fig. 
3.2). Interpreted avulsion style is labelled to the right of each section. Refer to Figure 
3.5A for key to measured sections. 
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Figure 3.12 Simplified measured sections from each locality in Salina Canyon (Fig. 
3.2). Interpreted avulsion style is labelled to the right of each section. Refer to Figure 
3.5A for key to measured sections. 
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Figure 3.13 
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Figure 3.13 Comparison of composite sections constructed by combining all 
localities from: A) Salina Canyon (Fig. 3.12), and B) Price Canyon (Fig. 3.11), at the 
northern and southern limits of the Wasatch Plateau outcrop belt, respectively (Figs. 
3.1B-D, 3.22). Salina Canyon (Fig. 13A) lies along depositional strike and slightly up 
depositional dip of Price Canyon (Fig. 3.13B). Gross stratigraphic subdivision of the 
Blackhawk Formation is shown, using the projected positions of the Bear Canyon, 
Kenilworth-Castlegate D, and Rock Canyon coal zones (Fig. 2; Hampson et al. 
2012). Pie charts show the relative proportions of each facies association, palaeosol 
type, and interpreted avulsion style in the road-cut exposures through each gross 
stratigraphic interval at Price Canyon and Salina Canyon. Proportions are based on 
occurrence within each photo-pan. 
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3.8. Conclusions 
 
A case study of ancient alluvial to coastal plain strata (Upper Cretaceous Blackhawk 
Formation, Wasatch Plateau, central Utah, USA) uses facies and architectural 
analysis of channelised fluvial sandbodies and surrounding, non-channelised 
overbank deposits to interpret the range and relative abundance of avulsion styles 
and assesses their paleogeographic and stratigraphic variation. 
 
Three styles of avulsion can be identified; avulsion by annexation, avulsion by 
progradation, and avulsion by incision. The relative proportions of different facies 
associations, palaeosol types, and avulsion types lack consistent trends with 
stratigraphic interval and with paleogeographic location at the northern and southern 
limits of the outcrop belt. The apparent absence of temporal or spatial trends in 
avulsion style implies that avulsions were autogenic in origin, and occurred in a 
similar manner under a range of distances from the coeval shoreline (c. 0-100 km) 
and under variations in long-term tectonic subsidence rates (80-700 m/ Myr). 
 
These results are consistent with previously documented large-scale patterns of 
distribution of channelised fluvial sandbodies over the outcrop belt, and with the 
previously documented internal architecture of representative channelised fluvial 
sandbodies, both of which reflect a strong autogenic component. Furthermore these 
results suggest that even where alluvial to coastal plain strata were developed under 
a wide range of allogenic boundary conditions, autogenic behaviours may principally 
control local stratigraphic architecture. 
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CHAPTER 4: QUANTITATIVE ANALYSIS OF THE DIMENSIONS AND 
DISTRIBUTION OF CHANNELISED FLUVIAL SANDBODIES WITHIN A LARGE 
OUTCROP DATASET: UPPER CRETACEOUS BLACKHAWK FORMATION, 
WASATCH PLATEAU, CENTRAL UTAH, U.S.A. 
 
 
This Chapter leads on from the facies observations and interpretations of the 
Blackhawk Formation to document the spatial distributions (regularity, randomness, 
or clustering) of channelised fluvial sandbodies via two spatial statistical measures: 
Besag’s L function and lacunarity. The results from this outcrop analogue study are 
then integrated into previous numerical modelling studies of fluvial stratigraphic 
architecture. 
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CHAPTER 4 
 
Quantitative Analysis of the Dimensions and Distribution of Channelised 
Fluvial Sandbodies within a Large Outcrop Dataset: Upper Cretaceous 
Blackhawk Formation, Wasatch Plateau, Central Utah, U.S.A. 
 
4.1. Abstract 
Conceptual and quantitative models of fluvial stratigraphy typically argue that alluvial 
architecture is driven by a combination of allogenic processes (e.g. tectonic 
subsidence, sea level, sediment supply), and autogenic behaviours (e.g. avulsion). 
These models are tested via analysis of a large (c. 200 m thick by 100 km 
depositional-strike extent) alluvial-to-coastal-plain succession that records shoreline 
progradation in response to decreasing tectonic subsidence (late Cretaceous 
Blackhawk Formation, Wasatch Plateau, central Utah, U.S.A.). Oblique aerial 
photographs and architectural panels of six nearly linear, nearly vertical cliff face 
“windows” were used to characterise the dimensions (apparent widths, thicknesses) 
and spatial distributions of channelised fluvial sandbodies. Two spatial statistical 
measures, raster-based lacunarity and point-based L function, are used to 
investigate whether the distribution of channelised sandbodies show significant 
regularity, randomness, or clustering. 
 
Four hundred and ninety-three channelised fluvial sandbodies are identified in the six 
cliff-face “windows”. From base to top of the Blackhawk Formation, sandbodies 
broadly increase in width and decrease in overall abundance per unit area. 
Clustering of sandbodies occurs relatively frequently in lower-coastal-plain strata (< 
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50 km from the coeval shoreline). Spatial regularity of sandbody spacing is 
consistently more apparent in upper-coastal-plain and alluvial strata (> 50 km from 
the coeval shoreline). A strong negative correlation between lacunarity and 
stratigraphic position is also observed, such that a wider range and greater variety of 
spatial gaps occurs between sandbodies in lower-coastal-plain strata relative to 
upper-coastal-plain and alluvial strata. 
 
Comparison with numerical modelling studies of fluvial stratigraphic architecture 
implies the predominance of an avulsion-generated pattern of sandbody distribution 
that includes an element of compensational stacking on the upper coastal plain and 
alluvial plain, for a range of distances from the coeval shoreline (c. 40-130 km) and 
tectonic subsidence rates (c. 40-700 m/ Myr). On the lower coastal plain (< 50 km 
from the coeval shoreline) localised clustering of channelised sandbodies is 
interpreted to have formed by avulsion of deltaic distributary channels downstream of 
delta-apex avulsion nodes, possibly modulated by low-amplitude (< 30 m) sea-level 
fluctuations. 
 
4.2. Introduction 
 
Since Leeder (1978), Allen (1978), and Bridge and Leeder (1979) first recognised 
the relationship between avulsion, sedimentation rate, and the stacking density of 
ﬂuvial channel-belt sandbodies, workers have attempted to utilize this information to 
develop improved models of alluvial stratigraphic architecture (Shanley and McCabe 
1994; Hajek et al. 2010). In addition to strengthening theoretical understanding of 
how rivers operate in time and space, the analysis of spatial organisation of 
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channelised fluvial sandbodies is important because it enables better interpretation 
of parameters such as climate, tectonic subsidence, and sediment and water supply 
in the geologic record. Given that stratigraphic architecture impacts the connectivity 
of hydrocarbon reservoirs and groundwater aquifers, an understanding of the 
controlling mechanisms that determine sandbody organisation is also required to 
predict reservoir and aquifer performance. 
 
Conceptual frameworks derived from numerical modelling, modern analogues, and 
outcrop studies typically argue that alluvial architecture is controlled by allogenic 
mechanisms and/or by autogenic responses of the fluvial system (Allen 1978; Bridge 
and Leeder 1979; Wright and Marriott 1993; Shanley and McCabe 1994; Hajek and 
Wolinsky 2012). Allogenic forcing is due to extrabasinal processes such as climatic 
oscillation, changes in tectonic subsidence, or eustatic perturbations that occur over 
timescales of 105-107yr (Blum and Törnqvist 2000;Slingerland and Smith 2004; Muto 
et al. 2007; Stouthamer and Berendsen 2007; Hofmann et al. 2011). In comparison 
autogenic behaviours that result from floodplain processes (e.g. channel avulsion 
and meander migration) operate over shorter timescales (103-105 yr), impose first-
order controls on stratigraphy, and generate self-organisation in the absence of, or 
independent from changes in allogenic forcing (Mackey and Bridge 1995; Blum and 
Törnqvist 2000; Muto et al. 2007; Straub et al. 2009; Hajek et al. 2010; Hofmann et 
al. 2011; Hajek and Wolinsky 2012). Both allogenic forcing and autogenic behaviour 
can control avulsion frequency and sediment accumulation rate over a range of 
spatial and temporal scales (Allen 1978; Leeder 1978; Bridge and Leeder 1979; 
Mackey and Bridge 1995; Heller and Paola 1996; Mohrig et al. 2000; Hajek et al. 
2010). An understanding of the relationship between allogenic forcing and autogenic 
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behaviours is still poorly developed, because autogenic sediment transport 
processes can obscure or destroy allogenically derived environmental signals in 
alluvial architecture (“signal shredding” sensu Jerolmack and Paola 2010). This 
effect creates difficulty in determining the temporal and spatial scales at which 
allogenic forcing and autogenic behaviours operated Karssenberg and Bridge 2008; 
Wang et al. 2011). 
 
Autogenic avulsion is considered to be a stochastic process that can generate 
spatial organisation in stratigraphy, including two end-member patterns of sandbody 
spatial distribution: compensational stacking and clustered stacking (Straub et al. 
2009; Hajek et al. 2010; Hofmann et al. 2011). Compensational stacking results from 
preferential infilling of previously unoccupied interchannel topographic lows on the 
floodplain by deposition (e.g. Straub et al. 2009; Wang et al. 2011). This spatial 
pattern is generated by channel-belts that avoid the positions of the preceding 
channel-belts and instead infill previously unoccupied positions on the floodplain 
(Straub et al. 2009; Wang et al. 2011). Clustered stacking patterns result from 
channel-belts reoccupying a preferred position on the floodplain (e.g. Leeder 1978; 
Hajek et al. 2010). Channel-belt clustering can be generated by ﬂoodplain 
topography, with remnant channel scours and topography acting to redirect and 
attract newly avulsed channels towards pre-existing sites (Leeder 1978; Shanley and 
McCabe 1994; Jerolmack and Paola 2007; Hajek et al. 2010), or by spatial variations 
in sediment supply and/or the creation of accommodation space. Difficulty in 
interpreting these two end-member patterns occurs where deposits resulting from 
clustered stacking develop in topographically low positions on the floodplain, and can 
appear to be driven by compensational stacking (Straub et al. 2009). 
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In this chapter, I use data from one large-scale continuous outcrop of alluvial-to-
coastal-plain strata in which allogenic forcing is well constrained (late Cretaceous 
Blackhawk Formation, Wasatch Plateau, central Utah, USA) to: (1) quantitatively 
characterise the geometry and spatial distribution of channelised fluvial sandbodies, 
and (2) determine the relative roles of allogenic forcing and autogenic behaviours in 
controlling stratigraphic architecture, via comparison with three widely cited 
numerical models of fluvial stratigraphic architecture (Bridge and Leeder 1979; Heller 
and Paola 1996; Karssenberg and Bridge 2008). 
 
4.3. Geologic context and Stratigraphic Framework 
 
Deposition of the early to mid-Campanian Blackhawk Formation took place along the 
western margin of the epicontinental North American Western Interior Seaway (Fig. 
4.1B) within a flexurally subsiding foredeep 180 km wide (Kauffman and Caldwell 
1993; Krystinik and DeJarnett 1995; Liu et al. 2014). The Cretaceous seaway lay 
within a broad (1500 km wide), north-south-trending basin that formed by a 
combination of short-wavelength thrust-induced subsidence along its western margin 
and long-wavelength dynamic subsidence that operated across the entire seaway 
(Liu et al. 2011, 2014). During the late Cretaceous, the Wasatch Plateau region was 
situated at a paleo-latitude of c. 45° N and experienced a subtropical to warm-
temperate climate with seasonality, as indicated by the type and abundance of plants 
(Parker 1976; Kauffman and Caldwell 1993; Roberts and Kirschbaum 1995). The 
age and duration of the Blackhawk Formation is constrained by ammonite biozones 
calibrated against radiometric dates in correlative shallow-marine strata (Krystinik 
and DeJarnett 1995), and it represents a time interval of 3.5-4.0 Myr (Hampson 
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2010). Sandstone petrography indicates a probable sediment source in the inactive 
Canyon Range thrust-sheet culmination (Fig.4.1A) in the Sevier Orogenic Belt, a 
fold-and-thrust belt situated c.80 km west of the Wasatch Plateau outcrop belt 
(DeCelles and Coogan 2006). 
 
The Blackhawk Formation constitutes part of the Mesaverde Group, which includes 
the overlying river-dominated Castlegate  Sandstone and underlying  shallow-marine  
 
 
Figure 4.1 A) Location of the Mesaverde Group outcrop belt, which includes the Star 
Point Sandstone, Blackhawk Formation, and Castlegate Sandstone, in the Wasatch 
Plateau and contiguous Book Cliffs. The locations of outcrop “windows” A-F (Fig. 
4.3) are highlighted. The position of the likely sediment source, the Canyon Range 
thrust sheet culmination is shown. The positions of three selected Blackhawk 
paleoshorelines (stratigraphic positions shown in Fig. 4.2) are illustrated by circled 
numbers 7, 10, and 11 (after Hampson et al. 2013). B) Location of the outcrop-belt 
map (Fig. 4.1A) on the western margin of the Cretaceous Western Interior Seaway, 
east of the Sevier Orogenic Belt (after Kauffman and Caldwell 1993). 
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Star Point Sandstone (Speiker and Reeside 1925; Dubiel et al. 2000). These three 
lithostratigraphic units together form an eastward-thinning siliciclastic wedge that 
passes basinward into offshore deposits of the Mancos Shale and records overall 
eastward progradation into the basin (Young 1995; Hampson 2010). Although coals 
are thick and abundant in the lower part of the Blackhawk Formation, most of the 
formation consists of channelised fluvial sandbodies and fine-grained, non-
channelised overbank deposits (Marley et al. 1979; Flores et al. 1984; Dubiel et al. 
2000; Hampson et al. 2012; Flood and Hampson 2014). 
 
From base to top of the Blackhawk Formation, channelised fluvial sandbodies are 
documented to become generally thicker, wider, and more abundant, and many have 
a multilateral, multistorey internal character (Hampson et al. 2012). These trends 
have been attributed to a combination of three mechanisms: 1) decreasing tectonic 
subsidence rate (from c.700 to 80 m/Myr) that forced overall progradation of the 
siliciclastic wedge, based on regional subsurface and outcrop mapping tied to dated 
ammonite biozones; 2) increasing distance from the coeval shoreline (0-100 km; 
Figs. 4.1, 4.2), based on regional mapping of paleoshoreline positions at outcrop; 
and 3) a potentially higher avulsion rate during deposition of the lower part of the 
formation (Hampson et al. 2012, 2013). Internal stratigraphic subdivisions of the 
Blackhawk Formation (“lower Blackhawk Formation”, “upper Blackhawk Formation 
1”, “upper Blackhawk Formation 2”, and “upper Blackhawk Formation 3” in Fig. 4.2) 
are defined by a series of laterally continuous coal zones, which are associated with 
the up-dip pinchouts of shallow-marine parasequences in the underlying Star Point 
Sandstone (Flores et al. 1984; Dubiel et al. 2000; Hampson et al. 2012). 
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Figure 4.2 
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Figure 4.2 Summary stratigraphic cross section of the Blackhawk Formation, the 
underlying Star Point Sandstone, and the overlying lower Castlegate Sandstone in 
the Wasatch Plateau outcrop belt, showing distance from the coeval shoreline and 
sediment accumulation rate (after Hampson et al. 2012, 2013, and references 
therein). The locations of six studied cliff-face “windows” A-F (Fig. 4.3) are illustrated. 
The projected positions of the Bear Canyon, Kenilworth-Castlegate D, and Rock 
Canyon coal zones are used to subdivide the Blackhawk Formation into four gross 
stratigraphic intervals (Hampson et al. 2012). Shoreline positions (numbered 7, 10, 
and 11; after Hampson et al. 2013) correspond to parasequences situated in the 
Spring Canyon Member (position 7; after Kamola and Huntoon 1995) and Kenilworth 
Member (positions 10 and 11; after Taylor and Lovell 1995). The mapped extents of 
shorelines 7, 10, and 11 are shown in Figure 1. 
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Based on the distribution of regionally extensive coal zones in the Blackhawk 
Formation, low-amplitude (< 30 m) sea-level fluctuations are interpreted to have 
controlled cyclic, high-resolution (< 0.1 Myr duration) stratigraphic patterns within 
lower coastal plain strata, situated < 50 km from the coeval shoreline (Dubiel et al. 
2000; Hampson et al. 2013). Such low-amplitude sea-level variations are consistent 
with previous estimates of glacio-eustasy in the late Cretaceous (Miller et al. 2003). 
Localised clustering of channelised fluvial sandbodies documented in upper-coastal-
plain and alluvial strata (> 50 km from the paleoshoreline) cannot be readily linked to 
high-frequency allogenic controls because they do not occur at particular 
stratigraphic intervals or paleogeographic locations, so are instead interpreted to 
reflect autogenic behaviours driven by non-random channel avulsion (Hampson et al. 
2012, 2013). 
 
4.4. Dataset and Methodology 
 
The dataset for this study was assembled from exposures situated in a large (c. 100 
km wide, c. 250 m thick), NNE-SSW-oriented transect through the Wasatch Plateau 
outcrop belt, which is aligned subparallel to regional depositional strike (Flores et al. 
1984; Dubiel et al. 2000; Hampson 2010) (Fig. 4.2). Due to the large scale of these 
exposures and their limited accessibility, the interpretations presented herein are 
based on the analysis of oblique aerial photographs, captured from nearly 
perpendicular positions to the cliff face using a light aeroplane as a camera platform 
(Hampson et al. 2012). 
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Channelised fluvial sandbodies were interpreted in 88 oblique aerial photographs, 
and the results were compiled to produce two-dimensional (2D) cliff-face panels for 
six “windows” in the Wasatch Plateau outcrop belt (labelled A-F in Figs. 4.1, 4.2). 
These six “windows” were selected because over 60% of sandstone exposure is 
visible, and the size of each window is sufficient (c. 10 km wide by 250 m thick; 
Table 4.1) to enable relatively large quantitative datasets to be extracted. Although 
channelised sandbodies are well exposed in the “windows”, surrounding fine-grained 
overbank and floodplain deposits tend to be covered by scree and vegetation. The 
internal architectures of the channelised fluvial sandbodies cannot be confidently 
interpreted in the dataset due to partial vegetation cover, variable photograph quality, 
parallax effects, and limited exposure of some sandbody margins. Therefore I do not 
categorise channelised fluvial sandbodies in our analysis. 
 
4.4.1. Measurement of Sandbody Dimensions 
 
The apparent width and thickness of each channelised fluvial sandbody was 
measured from the six digitised cliff-face panels (labelled A-F in Fig. 4.3). 
Measurements from the digitised 2D cliff-face panels and the photographs used to 
compile them are considered to be accurate to the nearest 20 m laterally and 2 m 
vertically, because the selected cliff faces are nearly vertical and nearly linear, and 
lack heavy vegetation or scree cover, which minimizes perspective and parallax 
effects (Hampson et al. 2012). This interpreted accuracy of measurement is 
supported by comparison with high-resolution (c. 0.1 m) spatial data acquired by an 
oblique-view, helicopter-borne light detection and ranging (LIDAR) system over two 
sections  of  the  outcrop  belt  (Rittersbacher et al. 2014). Relative  discrepancies  in  
179 
 
 Chapter 4. 
Figure 4.3 
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Figure 4.3 (A-F) Panels showing stratigraphy, channelised-sandbody dimensions 
and channelised sandbody position in the Blackhawk Formation, as mapped along 
six well-exposed, nearly linear “windows” of the main cliff line alongside the eastern 
edge of the Wasatch Plateau (Fig. 4.1; modified after Hampson et al. 2012). The top 
of a shallow-marine parasequence in the underlying Star Point Formation is used as 
a local datum in each panel. The projected positions of the Bear Canyon, Kenilworth-
Castlegate D, and Rock Canyon coal zones, which are used to subdivide the 
Blackhawk Formation into four gross intervals (“lower Blackhawk Formation”, “upper 
Blackhawk Formation 1”, “upper Blackhawk Formation 2”, and “upper Blackhawk 
Formation 3”) are shown. Stratigraphic subdivisions of the panels (A1, B1-B2, C1-3, 
D1-3, E1-3, and F1-4) have been used for quantitative analysis. Cliff-face 
photographs in Figure 7A-F are located.  
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measurement between the photograph-based data and LIDAR data are greater for 
sandbody thicknesses and widths than for sandbody positions (Figure 10 in 
Rittersbacher et al. 2014), because the latter are based on large measurements 
(Hampson et al. 2012). Errors due to differences in interpretation of scree-covered 
parts of the cliff face, which are independent of the data-collection method, are larger 
than measurement discrepancies between the two dataset types (Hampson et al. 
2012). Errors introduced during the measurement of sandbody dimensions from the 
digitised cliff-face panels are < 4 m horizontally and < 8 cm vertically, and reflect 
image resolution and measurement repeatability. The measurement errors outlined 
above may cause very small, non-systematic errors in lacunarity and L function 
values, which are dependent on the width, thickness, and position of each 
channelised sandbody. 
 
The measured, apparent sandbody widths are larger than true sandbody widths, 
except where sandbody axes are perpendicular to the cliff-face panels (e.g. Lorenz 
et al. 1985). Apparent sandbody width (Wa) is dependent on the true width of 
sandbodies (Wt) and the angle of the outcrop face relative to the orientation of the 
sandbody axis (𝜃𝜃): 
 
𝑊𝑊𝑊𝑊 = 𝑊𝑊𝑊𝑊
cos𝜃𝜃
                       (1) 
 
In the absence of paleocurrent data or detailed reconstructions of internal sandbody 
architecture (e.g. Hampson et al. 2013), it is not possible to accurately convert 
apparent widths to true widths for individual sandbodies. Sandbody orientation(s) 
relative to the cliff-face panel that contains them affects the calculated value of 
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lacunarity, as discussed later. The orientations of the cliff-face panels are given in 
Table 4.1. Regional paleogeographic reconstructions indicate that the Star Point and 
Blackhawk shorelines were nearly linear and oriented approximately north-south 
(Fig. 4.1A; Hampson 2010; Hampson et al. 2011, 2012). Channelised fluvial 
sandbodies were likely oriented west-east on average over the whole outcrop belt, 
positioned perpendicular to the regional paleoshoreline trend, but with significant 
local variability. 
 
4.4.2. Spatial Statistical Methods for the Analysis of Sandbody Distribution  
 
A number of techniques have been applied to interpret the spatial distribution of 
points and objects in the biological, ecological, and geological sciences, including the 
quadrat method (Greig-Smith 1952), nearest neighbour distance method (Clark and 
Evans 1954), Ripley’s K function (Ripley 1977; Cressie 1991), Besag’s L function 
(Besag 1977), lacunarity (Plotnick et al. 1996), and compensation index (Straub et 
al. 2009, Wang et al. 2011). In this study, we use lacunarity and Besag’s L function 
(Besag 1977) to quantitatively characterise the spatial distribution of channelised 
fluvial sandbodies. The quadrat and nearest neighbour distance methods are 
inappropriate for this analysis, because they rely on locational information (i.e., 
quadrat location; Greig-Smith 1952) and permit comparison of results only for areas 
of similar size (Clark and Evans 1954), respectively. Compensation index quantifies 
the spatial variation of sediment-body distribution between a chronologically ordered 
series of depositional horizons (Straub et al. 2009), such as palaeosols that are 
situated adjacent to channelised fluvial sandbodies. Only a small number of such 
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depositional surfaces can be confidently mapped in the study dataset, which makes 
the application of compensation index problematic. 
 
Lacunarity is a raster-based approach based on the multiscale analysis of spatial 
dispersion, and characterises the distribution of gaps or spaces within a pattern as a 
function of scale (Allain and Cloitre 1991; Plotnick et al. 1996). Besag’s L function, a 
standardized version of Ripley’s K function, is a point-based method that determines 
the spatial scales at which points tend to be more or less dispersed than expected by 
chance (Besag 1977; Besag and Diggle 1977; Ripley 1977; Cressie 1991). Both 
methods have been used previously on geologic datasets, and can be applied 
readily to one-, two-, or three-dimensional datasets to give straightforward and 
interpretable graphical results (Plotnick et al. 1996; Plotnick 1999; Rankey 2002; 
Hajek et al. 2010; Roy et al. 2010; Zhao et al. 2011). The application of the two 
methods in this study is described below (Fig. 4.4). 
 
4.4.2.1. Lacunarity 
Lacunarity was selected for this study because it enables the length scales of 
randomness, clustering, or hierarchical structure to be determined in all of the 2D 
cliff-face panels (cf. Plotnick et al. 1993). In order to measure lacunarity in different 
paleogeographic locations and at different stratigraphic levels, the six cliff-face 
panels (A-F in Fig. 4.3) and their stratigraphic subdivisions (A1, B1-2, C1-3, D1-3, 
E1-3, F1-4 in Fig. 4.3) were analyzed. A binary, black-and-white image of each 2D 
cliff-face panel or one of its constituent stratigraphic subdivisions was first generated 
(Fig. 4.4A). A number of algorithms for computing lacunarity (e.g. gliding-box 
algorithm, standard box-counting algorithm, and differential box-counting algorithm) 
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Figure 4.4 Series of diagrams illustrating the application of lacunarity and Besag’s L 
function in this study. A) Binary, black-and-white image of cliff-face panel or its 
stratigraphic subdivision, used for lacunarity analysis (Fig. 4.5). Channelised fluvial 
sandbodies are shown in black and surrounding deposits in white. B) Binary, black-
and-white image of cliff-face panel or its stratigraphic subdivision showing the 
centroid of each channelised fluvial sandbody as a point, to be used for calculating 
the L function (Fig. 4.5).Panels are vertically exaggerated by x55.8 (i.e., ratio of 
mean sandbody width to mean sandbody thickness), in order to account for 
anisotropy in sandbody dimensions. C) Three cartoons with similar numbers of 
channelised fluvial sandbodies (black), but with different spatial distributions. Higher 
values of lacunarity indicate greater heterogeneity in the distribution of gap sizes 
between sandbodies. D) Cartoon illustrating potential results for L function analysis. 
The value of 𝐿𝐿�(ℎ) is defined by Equation 4. Random homogeneous distributions plot 
within the envelope for complete spatial randomness (CSR) defined by 99 Monte 
Carlo simulations. Clustered and regularly spaced point distributions plot below and 
above this envelope, respectively. 
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have been developed by various authors. The gliding-box algorithm (Allain and 
Cloitre 1991; Plotnick et al. 1996) was used in this study because it generates clear 
and interpretable results and is conceptually straightforward, and the large sample 
size can lead to better statistical results (Dale 2000; Saa et al. 2007). A box of a 
given length is placed at the top left of the binary image of the cliff-face panel or its 
stratigraphic subdivision, and the number of pixels representing sandstone (in black) 
within the box are subsequently scanned and counted. The box is then moved one 
column along to the right and the process is repeated until the entire image is 
scanned. In this study, 12 grid box sizes were applied to each panel and its 
subdivisions. The minimum and maximum box sizes were 2% and 45% of the total 
image area, respectively. The box size was chosen not to exceed 50% of the image 
area, because this may introduce spatial point statistical errors (Karperien 2007). 
 
One of the major uses of lacunarity is to compare spatial heterogeneity at different 
length scales (e.g. different grid box sizes), but little variation in lacunarity exists for 
the different grid box sizes used in this study. Instead, spatial heterogeneity is 
averaged across the length scales of all 12 grid box sizes to generate a mean value 
of lacunarity for each panel or its stratigraphic subdivision. Mean lacunarity was 
calculated using the following equation: 
 
(𝜆𝜆) = 𝐿𝐿(𝐹𝐹) = � 𝛴𝛴[𝐹𝐹Ʌ]�
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
               (2) 
 
This equation calculates the mean value for lacunarity (𝜆𝜆) for each panel based on 
the variation in pixels per box summarised over all grid orientations (Rasband 1997-
2014; Karperien 2007). (F) refers to the total number of pixels that are considered as 
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“sandbody” pixels (black in Fig. 4.4A) in the scanned part of the image per box 
count. Since lacunarity is a scale-dependent measure of heterogeneity (Allain and 
Cloitre 1991), a low value of lacunarity (minimum = 0) indicates a low range of gap 
sizes that are homogeneous and translationally invariant (Fig. 4.4C). In comparison, 
patterns with high lacunarity values (maximum = 1) are heterogeneous, display 
translational variance, and contain a wide range of gap sizes. 
 
The values of lacunarity measured in this study are expected to vary with the three-
dimensional (3D) orientation of channelised fluvial sandbodies relative to the 2D cliff-
face panel that they intersect. This expected variation has two components. First, 
variation in the 3D orientations of the sandbodies relative to each other will result in a 
range of apparent sandbody widths, which cannot be deconvolved from variation in 
true sandbody widths, in a 2D cross section. Variation in relative sandbody 
orientation will also affect the horizontal spacing of the sandbodies in a 2D cross 
section. This first component of variation is inherent to the population of channelised 
fluvial sandbodies within each cliff-face panel, and is what we are seeking to 
measure using lacunarity. Second, the orientation of the 2D cliff-face panel 
introduces a systematic variation in apparent sandbody width and horizontal spacing 
that applies to all sandbodies intersecting the panel. This second, systematic 
component of variation is expected to be more pronounced for cliff-face panels that 
are oriented oblique to regional depositional strike (e.g. panels C, E, F oriented at 
N050, at 50° relative to the north-south-trending regional paleoshoreline; Table 4.1) 
than for panels oriented along regional depositional strike (e.g. panels A, B oriented 
at N000, parallel to the north-south-trending regional paleoshoreline; Table 4.1). 
Although this second component of variation is expected to affect the value of 
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lacunarity measured for each cliff-face panel, any trend in lacunarity between the 
stratigraphic subdivisions of the Blackhawk Formation within each panel (A1, B1-2, 
C1-3, D1-3, E1-3, and F1-4 in Fig. 4.3) should not be affected. 
 
4.4.2.2. Ripley’s K function and Besag’s L function 
The most common second-order spatial statistical technique for analyzing point 
patterns is Ripley’s K function, which determines how point pattern distributions 
change over different length scales in a dataset (Ripley 1977). In order to analyse 
sandbody centroid distributions using the L function, a standardized version of 
Ripley’s K function, a series of panels showing the centroids of channelised fluvial 
sandbodies were generated (Figs. 4.4B, 4.5) for each of the six cliff-face panels (A-F 
in Fig. 4.3) and their stratigraphic subdivisions (A1, B1-2, C1-3, D1-3, E1-3, F1-4 in 
Fig. 4.3). 
 
The K function compares the predicted number of points (e.g. sandbody centroids) 
within a distance (h) of each point in each 2D area (e.g. cliff-face panel) to the 
average rate of the point process (𝜆𝜆) as outlined in the following equation: 
 
𝐾𝐾�(ℎ)=𝜆𝜆−1𝐸𝐸 �𝑁𝑁(ℎ)� 𝑓𝑓𝑓𝑓𝑓𝑓 ℎ > 0           (3) 
 
where 𝜆𝜆 is the number of centroid points in the 2D area of radius h (N) divided by the 
area of the study region, and E(N(h)) is the expected number of points in the same 
region (Cressie 1991). Besag’s L function (Besag 1977) is used here so that the K 
function can be compared with its expected value and against a benchmark of zero  
(Rosenberg and Anderson 2011): 
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𝐿𝐿�(ℎ) = ℎ − �𝐾𝐾�(ℎ)
𝜋𝜋
                     (4) 
 
If the expected value of 𝐿𝐿(ℎ)found at a certain distance is equal to the number of 
points estimated, taking into account the intensity of the point process, then the 
distribution pattern is close to zero and represents complete spatial randomness 
(L�(h) = 0; Besag 1977. If 𝐿𝐿�(ℎ)< 0, then points are clustered, and the L function plots 
negatively below the Monte Carlo simulation envelope (Fig. 4.4D; Besag 1977). In 
contrast, if 𝐿𝐿�(ℎ)> 0, then points are regularly spaced, and the L function plots 
positively above the Monte Carlo simulation envelope (Fig. 4.4D; Besag 1977). The 
range of critical values that define the minimum and maximum limits of complete 
spatial randomness are computed by Monte Carlo simulation algorithms (Besag and 
Diggle 1977). Randomization tests were run on each cliff-face panel and its 
stratigraphic subdivisions based on 99 repetitions (cf. Hajek 2010). The 
randomization tests involve the construction of a new point pattern within the 
confines of the study plot. Each of the new points were analysed and the upper and 
lower 95% confidence limits are plotted in combination with the values obtained from 
analysis of the original coordinates (Monte Carlo significance level, α = 0.05). Edge 
effects are generated when centroid points lie in close proximity to the boundaries of 
the area of study (Goreaud and Pélissier 1999). Several methods have been devised 
to correct for edge effects, but here I use a method that rescales counts based on 
the degree to which the area of a circle of radius (h) overlaps the boundary of the 
study area (Rosenberg and Anderson 2011). 
 
The cliff-face panels (A-F in Fig. 4.3) and their stratigraphic subdivisions (A1, B1-2, 
C1-3, D1-3, E1-3, F1-4 in Fig. 4.3) were vertically exaggerated by x55.8, which 
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corresponds to the ratio of mean sandbody width to mean sandbody thickness 
across all six cliff-face panels, in order to minimize the effects of anisotropy in 
sandbody dimensions on the results of our L function analysis. The advantages of 
attempting to introduce statistical isotropy to the study dataset are that data points 
display a constant mean and a constant variance in all directions, and that 
covariance is dependant only on distance (Masihi et al. 2006). The maximum 
distance between points that is considered in our application of the L function is 25% 
of the vertically exaggerated thickness of the cliff-face panel or its stratigraphic 
subdivision, in order to avoid distortion by edge effects (Rosenberg and Anderson 
2011). As a result, only centroid distributions at length scales smaller than this 
distance can be investigated. The position of sandbody centroids in the plane of a 
2D cliff-face panel are independent of the 3D orientation of the sandbodies, but their 
horizontal spacing may vary according to the orientation of the cliff-face panel. The 
total number of centroids in the stratigraphic subdivisions of each cliff-face panel 
ranges from 12 (F2; Table 4.1) to 72 (A1; Table 4.1).The L function is sensitive to the 
number of points and the size of the study area, such that the results for some 
stratigraphic subdivisions and associated cliff-face panels may not be statistically 
robust. 
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Figure 4.5 
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Figure 4.5 (A-F) Cliff-face panels (A-F) and their stratigraphic subdivisions (A1, B1-
2, C1-3, D1-3, E1-3, and F1-4) (Fig. 4.3) converted to binary, black-and-white 
images  showing the centroid of each channelised fluvial sandbody as a point, to be 
used for analysis using the L function (cf. Fig. 4B), and the outline of each 
channelised fluvial sandbody, as a black line, which is converted into filled, black 
object (cf. Fig. 4.4A) for lacunarity analysis (cf. Fig. 4.4C). 
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4.5. Results and Analysis 
 
Four hundred and ninety-three channelised fluvial sandbodies have been identified 
in the studied cliff-face panels (A-F; Fig. 4.3, Table 4.1). The limited grain-size 
variability within each sandbody prevents consistent interpretation of internal 
sandbody architectures in detail with the available photographic data. As a result, a 
rigorous architectural analysis of the sandbodies based on the hierarchical 
arrangement of basal and internal erosion surfaces (Holbrook 2001) is not attempted 
here. However, individual sandbodies whose internal structure can be interpreted 
from the available photographic data exhibit single-storey, multilateral, and 
multistorey architectures (Fig. 4.6), consistent with more thorough analysis of 
selected parts of the Blackhawk Formation outcrop belt on the ground (Adams and 
Bhattacharya 2005; Hampson et al. 2013). 
4.5.1. Sandbody Dimensions 
 
The apparent width and true thickness of each sandbody were measured from cliff-
face panels A-F (Fig. 4.7) and for the four stratigraphic subdivisions of the 
Blackhawk Formation within each panel (Fig. 4.8). 
 
 4.5.1.1. Description 
The mean apparent width of channelised fluvial sandbodies over the entire dataset is 
380 m (standard deviation of 430 m), and the mean sandbody thickness is 7 m 
(standard deviation of 3 m). Large variations of apparent sandbody widths and 
associated large values of standard deviation are not dependant on paleogeographic 
location (Fig. 4.7) or stratigraphic interval (Fig. 4.8). Panels C, D, E, and F display 
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larger mean apparent sandbody widths (mean apparent widths of 750, 360, 360, and 
370 m respectively; Fig. 4.7C-F) than panels A and B (mean apparent widths: 250 
and 190 m; Fig. 4.7A, B). Sandbodies also tend to be thinner in panels A and B 
(mean thicknesses of 4 m; Fig. 4.7A, B) than in panels C-F (mean thicknesses of 7-
10 m; Fig. 4.7C-F). The apparent widths of channelised fluvial sandbodies increases 
from the “lower Blackhawk Formation” interval (mean apparent width of 350 m, Fig. 
4.8A), to the “upper Blackhawk Formation 2” interval (mean apparent width of 420 m, 
Fig. 4.8C). The “upper Blackhawk Formation 3” interval contains sandbodies of 
smaller apparent width (mean apparent width of 390 m), but this value is based on a 
small dataset (n = 13, Fig. 4.8D). Sandbodies situated in each stratigraphic interval 
(Fig. 4.8A-D) display larger apparent widths where they intersect the outcrop belt in 
cliff faces oriented at N050 and N030 (grey and white bars in Fig. 4.8), compared to 
cliff faces oriented at N010 (black bars in Fig. 4.8). There is no apparent stratigraphic 
trend in sandbody thickness (mean thicknesses of 6-8 m; Fig. 4.8). 
 
 
 
 
 
 
 
 
 
 
 
194 
 
 Chapter 4. 
Panel Panel 
Thickness (m) 
Panel width 
(km) 
Panel 
Orientation 
Number of 
Sandbodies 
A 70 m 7.5 km N010 n: 72 
A1 70 m 7.5 km N010 n: 72 
B 160 m 2 km N010 n: 75 
B1 70 m 4 km N010 n: 52 
B2 75 m 2 km N010 n: 23 
C 170 m 9 km N050 n: 87 
C1 70 m 10 km N050 n: 41 
C2 70 m 9 km N050 n: 30 
C3 45 m 6.5 km N050 n: 16 
D 150 m 5 km N030 n: 69 
D1 60 m 7.5 km N030 n: 32 
D2 75 m 5 km N030 n: 21 
D3 40 m 5 km N030 n: 16 
E 170 m 6 km N050 n: 124 
E1 30 m 9 km N050 n: 18 
E2 75 m 9 km N050 n: 48 
E3 80 m 7 km N050 n: 58 
F 180 m 6.5 km N050 n: 66 
F1 50 m 6.5 km N050 n: 14 
F2 65 m 6.5 km N050 n: 12 
F3 75 m 6.5 km N050 n: 26 
F4 40 m 6.5 km N050 n: 14 
 
Table 4.1 Dimensions and orientations of cliff-face panels A-F and their constituent 
stratigraphic subdivisions (Figs. 4.1A, 4.3). 
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Figure 4.6 (A, C, E) Un-interpreted and (B, D, F) interpreted cliff-face photographs 
illustrating the internal architecture and spatial patterns of channelised fluvial 
sandbody distribution in the Blackhawk Formation: (A, B) variably stacked and 
isolated channelised sandbodies(taken from panel C; Fig. 4.3); (C, D) cluster of 
vertically stacked and laterally offset channelised sandbodies (taken from Panel F; 
Fig. 4.3); and (E, F) isolated channelised sandbodies encased in undifferentiated 
fine-grained floodplain deposits (taken from Panel A; Fig. 4.3), with sandbody axes 
interpreted to be oriented nearly perpendicular to the cliff face. 
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Figure 4.7 (A-F) Graphs illustrating the apparent widths and thicknesses of 
channelised fluvial sandbodies in panels A-F (Figs. 4.2, 4.3). The number of 
channelised fluvial sandbodies (n), their mean apparent width and thickness, and 
values of standard deviation (S.D.) for apparent sandbody width and thickness are 
listed in the top left of each graph. Black, white, and grey bars represent channelised 
fluvial sandbodies in panels A-F that intersect the N-S-trending outcrop belt at N010, 
N030, and N050 respectively. 
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Figure 4.8 Graphs illustrating the apparent widths and thicknesses of channelised 
fluvial sandbodies in stratigraphic subdivisions of the Blackhawk Formation (Figs. 
4.2, 4.3): A) “lower Blackhawk Formation”; B) “upper Blackhawk Formation 1”; C) 
“upper Blackhawk Formation 2”; and D) “upper Blackhawk Formation 3”. The number 
of channelised fluvial sandbodies (n), their mean apparent width and thickness, and 
values of standard deviation (S.D.) for apparent sandbody width and thickness are 
listed in the top left of each graph. Black, white, and grey bars represent channelised 
fluvial sandbodies in each stratigraphic interval that intersect the N-S-trending 
outcrop belt at N010, N030, and N050 respectively. 
 
 
198 
 
 Chapter 4. 
4.5.1.2. Interpretation 
The larger mean apparent sandbody widths in panels C, D E, and F (Fig. 4.7C-F) 
than in panels A and B (Fig. 4.7A, B) are attributed to the more oblique orientation of 
these former panels (N050, N030; Table 4.1) relative to the interpreted north-south-
trending regional paleoshoreline (Figs. 4.1A, 2). These results support the 
hypothesis that channelised sandbodies form a population with a mean west-east 
azimuth, normal to the overall paleoshoreline trend, over the whole outcrop belt. 
Estimates of mean true sandbody widths are generated by correcting for the 
orientation of the cliff-face panels relative to the assumed west-east mean sandbody 
azimuth; for panels A-F, these estimates of mean true sandbody width are 240 m, 
190 m, 480 m, 350 m, 230 m, and 240 m. The absence of pronounced 
paleogeographic variation in estimated true sandbody width between the six cliff-face 
panels implies the presence of multiple feeder trunk rivers up-dip (west) of the 
outcrop belt with relatively uniform dimensions and lateral migration behaviours. 
 
The upward increase in the mean apparent width of channelised sandbodies in the 
Blackhawk Formation (Fig. 4.8) is consistent with previous studies (Marley et al. 
1979; Hampson et al. 2012). This trend suggests an increase in lateral channel 
migration and/or widening of channel-belts with decreasing tectonic subsidence rate 
and increasing distance from the coeval shoreline (cf. Allen 1978; Shanley and 
McCabe 1994; Hampson et al. 2012). 
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4.5.2. Sandbody Distributions 
 
Lacunarity and L function were calculated to characterise sandbody distributions in 
cliff-face panels A-F (Figs. 4.9A, 4.10), and for the four stratigraphic subdivisions of 
the Blackhawk Formation in each panel (Figs. 4.9B-D, 4.11, 4.12, and 4.13). 
 
4.5.2.1. Description of Lacunarity Results 
Values of lacunarity for individual cliff-face panels range between 0.24 (Panel E) and 
0.61 (Panel D) (filled circles in Fig. 4.9A). There is no correlation between panel 
location and lacunarity value. However, there is a weak negative correlation between 
the number of sandbodies per unit area and the south-to-north location of a panel 
(R2 = 0.31; green crosses in Fig. 4.9A) and a moderate positive correlation between 
the proportion of sandstone (i.e., net-to-gross ratio) and south-to-north panel location 
(R2 = 0.61; grey open circles in Fig. 4.9A). Lacunarity does not exhibit any 
relationship to apparent width of channelised fluvial sandbodies in the panels (Fig. 
4.9A). Panels A-F were subsequently separated into stratigraphic subdivisions to 
allow temporal and spatial trends to be interpreted (panel subdivisions A1, B1-2, C1-
3, D1-3, E1-3, and F1-4; Fig. 4.3). Values of lacunarity show an overall decrease 
from lower to higher stratigraphic positions (R2 = 0.60; black filled circles in Fig. 
4.9B). The overall upward decrease in lacunarity is associated with an increase in 
net-to-gross ratio (R2 = 0.68; grey unfilled circles in Fig. 4.9B), a decrease in the 
number of sandbodies per unit area (R2 = 0.51, red crosses in Fig. 4.9C), and an 
increase in the apparent width of channelised fluvial sandbodies (R2 = 0.50, blue 
squares in Fig. 4.9D). 
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4.5.2.2. Description of L function results 
Cliff-face panels A, C, D, E, and F display clustering of sandbody centroids over 
length scales that lie between c. 0.5 and 15 times the mean sandbody dimensions 
(mean apparent sandbody width and thickness of 380 m and 6.8 m, respectively) 
(Fig. 4.10A, C-F). Cliff-face panel B displays a random distribution of sandbody 
centroids over length scales of up to six times the mean sandbody dimensions (Fig. 
4.10B). In the “lower Blackhawk Formation” and “upper Blackhawk Formation 1” 
intervals, sandbody-centroid clustering occurs over length scales that lie between c. 
0.5 and 7 times the mean sandbody dimensions (Figs. 4.11A-D, F, 4.12, 4.13). 
Sandbody centroids are regularly spaced at a length scale of c. four times the mean 
sandbody dimensions in the “lower Blackhawk Formation” interval of panel E (Fig. 
4.11E). In the “upper Blackhawk Formation 2” and “upper Blackhawk Formation 3” 
intervals, limited clustering of sandbody centroids occurs over length scales that lie 
between c. 0.5 and 2 times the mean sandbody dimensions (Fig. 4.12 and 4.13B). 
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Figure 4.9 A) Cross-plot of lacunarity, net-to-gross ratio, number of sandbodies per 
unit area, and mean apparent sandbody width against: cliff-face panel (A-F in Figs. 
4.3, 4.5) as a proxy for paleogeographic location. Cross-plots of lacunarity and B) 
net-to-gross ratio, C) number of sandbodies per unit area, and D) mean apparent 
sandbody, against stratigraphic subdivisions of the Blackhawk Formation in each 
cliff-face panel (A1, B1-2, C1-3, D1-3, E1-3, F1-4 in Figs. 4.3, 4.5). Best-fit linear-
regression lines with are shown for moderate (0.5 < R2< 0.8) and strong (R2> 0.8) 
correlations, but not for weaker correlations. 
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Figure 4.10 
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Figure 4.10 Graphs of L function for sandbody centroids in cliff-face panels A-F 
(Figs. 4.3, 4.5), positioned to illustrate variability from north to south in the study 
area. Randomly distributed centroids plot in the envelope defined by Monte Carlo 
simulations (grey). Clustered and regularly spaced sandbody centroids plot beneath 
and above Monte-Carlo envelope (grey), respectively. The value of 𝐿𝐿�(ℎ) is defined 
by Equation 4. CSR = Complete Spatial Randomness. 
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Figure 4.11 
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Figure 4.11 A-F) Graphs of L function for sandbody centroids in the “lower 
Blackhawk Formation” interval of cliff-face panels A-F (A1, B1, C1, D1, E1, F1 in 
Figs. 4.3, 4.5), positioned to illustrate variability from north to south in the study area. 
Randomly distributed centroids plot in the envelope defined by Monte Carlo 
simulations (grey). Clustered and regularly spaced sandbody centroids plot beneath 
and above Monte-Carlo envelope (grey), respectively. The value of 𝐿𝐿�(ℎ) is defined 
by Equation 4. CSR = Complete Spatial Randomness. 
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Figure 4.12 
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Figure 4.12 Graphs of L function for sandbody centroids in the: A-E) “upper 
Blackhawk Formation 1”, F-I) “upper Blackhawk Formation 2”, and J) “upper 
Blackhawk Formation 3” intervals of cliff-face panels A-F (B2-3, C2-3, D2-3, E2-3, 
F2-4 in Figs. 4.3, 4.5). Corresponding plots for the “lower Blackhawk Formation” 
interval (A1, B1, C1, D1, E1, F1 in Figs. 4.3, 4.5) are shown in Figure 4.9. Randomly 
distributed centroids plot in the envelope defined by Monte Carlo simulations (grey). 
Clustered and regularly spaced sandbody centroids plot beneath and above Monte-
Carlo envelope (grey), respectively. The value of 𝐿𝐿�(ℎ) is defined by Equation 4. CSR 
= Complete Spatial Randomness. 
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Figure 4.13 Comparison plots of lacunarity against L function to determine the 
degree of heterogeneity, homogeneity, clustering, or regularity for: A) each cliff-face 
panel (A-F in Figs.4.3, 4.5); B) stratigraphic subdivisions of each panel ( A1, B1-3, 
C1-3, D1-3, E1-3, F1-4 in Figs. 4.3, 4.5); and C) selected numerical models of fluvial 
stratigraphic architecture (Bridge and Leeder 1979; Heller and Paola 1996; 
Karssenberg and Bridge 2008). Grey bars represent the spatial extent of cliff-face 
panels or numerical-model cross sections, and coloured bars show the length scales 
of sandbody-centroid clustering or regular spacing. 
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4.5.2.3. Interpretation 
Lacunarity and L function results suggest that localised sandbody clustering is more 
prominent (Fig. 4.13B) and stratigraphic architecture displays greater heterogeneity 
(Fig. 4.9B-D) towards the base of the Blackhawk Formation. Towards the top of the 
Blackhawk Formation, lacunarity and L function results show a decrease in 
sandbody clustering and a corresponding increase in regularity of sandbody spacing 
(Fig. 4.13B), and that stratigraphic architecture is more homogeneous (Fig. 4.9B-D). 
The spatial organisation of channelised fluvial sandbodies throughout the Blackhawk 
Formation in general exhibits more clustering than regularity, although random 
distributions are most abundant (Fig. 4.13B). 
 
The absence of a consistent trend in lacunarity or sandbody-centroid distribution 
from cliff-face panels A to F (Figs. 4.9A, 4.10, 4.13A) suggests that there was no 
large-scale paleogeographic control on the distribution of channelised fluvial 
sandbodies. Trends are more apparent when the panels are broken down into 
stratigraphic subdivisions, implying a stratigraphic control on patterns of sandbody 
distribution, as reflected in lacunarity, net-to-gross ratio (Fig. 4.9A), mean apparent 
sandbody width (Fig. 4.9D), and patterns of sandbody-centroid spacing (Fig. 4.13B). 
 
The overall upward decrease in values of lacunarity from the base to the top of the 
Blackhawk Formation is accompanied by increases in both net-to-gross ratio (Fig. 
4.9A) and apparent sandbody width (Fig. 4.9D). Consequently, the variance of gaps 
between sandbodies decreases and stratigraphic architecture becomes more 
homogeneous. The upward increases in homogeneity and regularity of stratigraphic 
architecture at length scales smaller than the cliff-face panels likely result from 
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autogenic, avulsion-related patterns of sandbody stacking that were controlled by the 
large-scale decrease in tectonic subsidence rate and increase in distance from the 
coeval shoreline. 
 
4.6. Discussion: Comparison with Numerical Modelling Experiments 
 
In order to aid interpretation of the spatial patterns of distribution of channelised 
fluvial sandbodies in the Blackhawk Formation dataset, we used lacunarity and L 
function to characterise the distributions of similar sandbodies in three widely cited 
numerical modelling studies (Bridge and Leeder 1979; Heller and Paola 1996; 
Karssenberg and Bridge 2008) that studied the effects of channel-belt size relative to 
floodplain width, avulsion frequency and associated local sedimentation rate, and 
base-level fluctuations on alluvial stratigraphy. These modelling studies provide a 
benchmark for interpreting outcrop data, because simulated stratigraphic output from 
the models can be linked directly to mechanisms, boundary conditions, and input 
parameters. The models are generic, and simulate mechanisms that are inferred to 
have operated during deposition of the Blackhawk Formation, albeit with boundary 
conditions and input parameters that may be different. The modelling results 
presented below are ordered by increasing complexity of the numerical model, and 
are used to infer the plausibility of different mechanisms responsible for sandbody-
distribution patterns in the Blackhawk Formation. 
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4.6.1. Simple 2D Model of Autogenic, Avulsion-Generated Architectures (Bridge 
and Leeder 1979) 
 
The numerical model of Bridge and Leeder (1979) simulates avulsion during 
aggradation of fluvial strata using the assumptions that floodplain sedimentation 
accumulation rate decreases away from an active fluvial channel, and that newly 
avulsed channels occupy the topographically lowest part of the floodplain. Avulsion 
frequency is assumed to be spatially and temporally constant. These assumptions, in 
combination with differential compaction of channelised sandbodies and floodplain 
shales, result in architectures that are characterised by compensational stacking (cf. 
Straub et al. 2009; Wang et al. 2011). Figure 13A-C shows stratigraphic cross 
sections from three model runs, for a uniform number of channelised fluvial 
sandbodies of different dimensions and a floodplain of uniform width (modified from 
Figure 2 of Bridge and Leeder 1979). 
 
L function analysis of each cross section indicates regular spacing of sandbody 
centroids (Fig. 4.14D-F). The spacing of sandbody centroids, normalized to mean 
sandbody dimensions, decreases as sandbody dimensions increase; this result 
arises from the uniform number of sandbodies in each cross section (Figs. 4.12C, 
4.13D-F). The cross sections all display low to moderate values of lacunarity (0.17-
0.36; purple bars in Fig. 4.13C), consistent with a low degree of heterogeneity in 
sandbody spacing. The net-to-gross ratio for the cross sections illustrated in Figure 
13A, B, and C are 0.33, 0.51, and 0.88, respectively. These results indicate that a 
combination of low to moderate values of lacunarity and regularly spaced sandbody 
centroids is characteristic of stratigraphic architectures generated by compensational 
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avulsions. Regular sandbody spacing due to compensational stacking occurs over 
relatively short length scales (< 1-2 times the mean sandbody dimensions, for 
different model runs; Fig. 4.14), due to the relatively large number of sandbodies per 
unit area and relatively high net-to-gross ratio. In the case with the highest net-to-
gross ratio, sandbody clustering also occurs, but over larger length scales (> 2 times 
the mean sandbody dimensions, Fig. 4.14C). 
 
Regular spacing of sandbody centroids is weakly but consistently developed in the 
“upper Blackhawk Formation 2” and “upper Blackhawk Formation 3” intervals (red 
and yellow bars in Fig. 4.13B). Comparison with the models of Bridge and Leeder 
(1979) implies that this regular centroid spacing may have resulted from avulsion-
generated compensational stacking of channelised fluvial sandbodies, to infill 
differential topography on the upper coastal plain and alluvial plain (cf. Straub et al. 
2009; Wang et al. 2011). This inference is supported by the low values of lacunarity 
calculated for these stratigraphic intervals (red and yellow bars in Fig. 4.13B) and 
model cross sections (purple bars in Fig. 4.13C). Regular spacing of sandbody 
centroids is less common than clustering of sandbody centroids in the “lower 
Blackhawk Formation” and the “upper Blackhawk Formation 1” intervals (green and 
blue bars in Fig. 12B), implying that compensational stacking was less pronounced 
during deposition on the lower coastal plain, at the length scales of the cliff-face 
panel subdivisions (A1, B1-2, C1-3, D1-3, E1-3, F1-4 in Fig. 4.3). This contrast in 
sandbody distributions suggests that the boundary conditions during deposition of 
the “lower Blackhawk Formation” and “upper Blackhawk Formation 1” intervals (0-
120 km from coeval shoreline, and sediment accumulation rates of 80-200 m/Myr; 
Fig. 4.2)  were  less  conducive  to   compensational stacking  by  avulsion  than  the  
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Figure 4.14 A-C) Cross sections illustrating stratigraphic architectures generated by 
a simple 2D model of channel avulsion (modified from Figure 2 of Bridge and Leeder 
1979), and D-F) associated graphs of L function for sandbody centroids. Randomly 
distributed centroids plot in the envelope defined by Monte Carlo simulations (grey). 
Clustered and regularly spaced sandbody centroids plot beneath and above Monte-
Carlo envelope (grey), respectively. Respective sandbody widths and mean 
thicknesses in the cross sections are: A, D) 600 m and 15 m (corresponding to a 
bankfull channel depth of 3 m for the values of floodplain aggradation rate and 
avulsion frequency used in the three model runs portrayed here); B, E) 1000 m and 
25 m (corresponding to a bankfull channel depth of 5 m); and C, F) 2000 m and 34 m 
(corresponding to a bankfull channel depth of 7 m). The value of 𝐿𝐿�(ℎ) is defined by 
Equation 4. 
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boundary conditions during deposition of the “upper Blackhawk Formation 2” and 
“upper Blackhawk Formation 3” intervals (40-130 km from coeval shoreline, and 
sediment accumulation rates of 40-700 m/Myr; Fig. 4.2). The degree of 
compensational stacking may also have been influenced by changes in: (1) avulsion 
frequency, (2) the ratio of sandbody width relative to floodplain width, (3) the ratio 
between local sedimentation and subsidence rates, and (4) palaeo-topography 
induced by peat formation and compaction (cf. Straub et al. 2009; Hofmann et al. 
2011). 
 
4.6.2. Complex 2D Model of Autogenic, Avulsion-Generated Architectures 
(Heller and Paola 1996) 
 
Using a numerical model of aggradational alluvial architecture, Heller and Paola 
(1996) investigated the influence of the relationship between avulsion frequency (Fa) 
and local sedimentation rate (r) on stratigraphic architecture. I considered three of 
the cases modelled by these authors, in which avulsion frequency increases at 
slower rates than sedimentation rate (e.g. Fig. 4.15B), increases linearly with 
sedimentation rate (e.g. Fig. 4.15A, equivalent to the model of Bridge and Leeder 
1979), or increases faster than sedimentation rate (e.g. Fig. 4.15C). Sandbody 
stacking density varies according to the relationship between avulsion frequency and 
sedimentation rate (e.g. compare Fig. 4.15A, B, and C). Figure 4.15A-C shows 
stratigraphic cross sections from three model runs in which this relationship differs, 
for the upstream part of a back-tilted foreland basin (modified from Figure 9 of Heller 
and Paola 1996), comparable in tectonic setting to the Western Interior Basin 
foredeep, in which the study area was located (Fig. 4.1). L function analysis of the 
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cross sections indicates regular spacing of sandbody centroids for avulsion 
frequency increasing linearly with sedimentation rate (Fa = r1; net-to-gross ratio: 
0.29, Fig. 4.15D), slower than sedimentation rate (Fa = r0.2; net-to-gross ratio: 0.26, 
Fig. 4.15E), or faster than sedimentation rate (Fa = r1.5; net-to-gross ratio: 0.37, Fig. 
4.15F). Regular spacing is more pronounced when avulsion frequency increases 
faster than sedimentation rate (Fig. 4.15F). The three cross sections have relatively 
low values of lacunarity (0.03-0.27; brown bars in Fig. 4.13C), consistent with 
homogeneous sandbody dimensions and regular spacing. 
 
Analysis of Heller and Paola’s (1996) model indicates that regular spacing of 
channelised fluvial sandbodies, most likely due to compensational stacking (cf. 
Bridge and Leeder 1979), is generated by avulsion for a range of relationships 
between avulsion frequency and local sedimentation rate, and that similar lacunarity 
and sandbody-centroid distribution patterns can be generated independent of the 
relationship between avulsion frequency and local sedimentation rate (brown bars in 
Fig. 4.13C). These model results therefore imply that regular spacing of sandbody 
centroids, which is pronounced in the “Upper Blackhawk Formation 2” and “upper 
Blackhawk Formation 3’ intervals (red and yellow bars in Fig. 4.13B) but also occurs 
sparsely in the “lower Blackhawk Formation” and “upper Blackhawk Formation 1” 
intervals (green and blue bars in Fig. 4.13B), can be generated by avulsion for a 
range of relationships between avulsion frequency and local sedimentation rates. 
The models of Heller and Paola (1996) further imply that the relationship between 
avulsion frequency and local sedimentation rate is important in controlling sandbody 
thickness and the degree of vertical stacking indicated by internal sandbody 
architecture; thicker, more aggradational  sandbodies are developed where  avulsion  
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Figure 4.15 A-C) Cross sections illustrating stratigraphic architectures in a back-
tilted foreland basin generated by a relatively complex 2D model of channel avulsion 
(modified from Figure 9 of Heller and Paola 1996), and D-F) associated graphs of L 
function graphs for sandbody centroids. Randomly distributed centroids plot in the 
envelope defined by Monte Carlo simulations (grey). Clustered and regularly spaced 
sandbody centroids plot beneath and above Monte-Carlo envelope (grey), 
respectively. The relationship between avulsion frequency (Fa) and channel-belt 
sedimentation rate (r) in the respective the cross sections varies: A) avulsion 
frequency increases linearly with sedimentation rate (Fa = r1); B) avulsion frequency 
increases slower than sedimentation rate (Fa = r0.2); C) avulsion frequency increases 
faster than sedimentation rate (Fa = r1.5). Sandbodies are one fifth of the basin width, 
and their thickness is set by local sedimentation rates. The value of 𝐿𝐿�(ℎ) is defined 
by Equation 4. 
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frequency increases more slowly than local sedimentation rate (Fig. 4.15B). 
Sandbody thickness shows a similar mean and distribution in each of the 
stratigraphic subdivisions of the Blackhawk Formation (Fig. 4.8), which implies the 
absence of a systematic stratigraphic control on the relationship between avulsion 
frequency and local sedimentation rate. There is some paleogeographic variation in 
the mean and range of sandbody thickness, with thicker sandbodies occurring in 
cliff-face panels C-F than in panels A and B (Fig. 4.7), which may indicate that 
avulsion frequency increased more slowly than local sedimentation rate towards the 
north of the study area. The apparently weak dependence or independence of 
stratigraphic architecture in the Blackhawk Formation on the relationship between 
avulsion frequency and local sedimentation rate is supported by analysis of well-
exposed fine-grained floodplain deposits, which indicates that avulsion style did not 
vary significantly with stratigraphic position or paleogeographic location, and 
associated changes in local and regional boundary conditions (Flood and Hampson 
2014). 
 
4.6.3. Complex 3D Model of Allogenic and Autogenic, Avulsion-Generated 
Architectures (Karssenberg and Bridge 2008) 
 
A complex 3D numerical model of channel-belt network and floodplain deposition in 
a delta is described by Karssenberg and Bridge (2008). The model simulates 
channel bifurcation and avulsion, driven by topographic gradients that result from 
local sedimentation histories and by thresholds in river discharge. Various model 
runs have been used to assess allogenic and autogenic controls on delta-plain 
dynamics and stratigraphic architecture, using input parameters derived from the 
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Holocene-to-modern Rhine-Meuse delta (Karssenberg and Bridge 2008). Figure 
4.16 shows 3D perspective views and 2D cross sections from two model runs, for 
uniformly rising base level (Fig. 4.16A, B; modified from Figure 4 of Karssenberg and 
Bridge 2008) and for a cycle of base-level fall and subsequent rise (Fig. 4.16D, E; 
modified from Figure 9 of Karssenberg and Bridge 2008). Both model runs contain 
avulsion nodes, most prominently at the delta apex near the modelled inflow point, 
and a network of downstream-narrowing channel-belts (Fig. 4.16A, D). The model 
run for a base-level fall-then-rise cycle features the development, filling, and 
overtopping of incised valleys. The frequency of channel avulsion was also higher 
during base-level rise and associated high aggradation rate (Karssenberg and 
Bridge 2008). 
 
Both model runs feature pronounced clustering of sandbody centroids, over 
distances of c. 0.5-7.5 times mean sandbody dimensions, as indicated by L function 
analysis of three cross sections in upstream-to-downstream locations that lie 
downstream of the avulsion node at the delta apex (Fig. 4.16C, F). There is little 
difference between the results of L function analysis for the three cross sections in 
either model run (Fig. 4.16C, F). Values of lacunarity occupy a narrower range in the 
base-level-rise model run (0.19-0.21; maroon bars in Fig. 4.13C) than in the base-
level fall-then-rise model run (0.15-0.31; orange bars in Fig. 4.13C). The cross 
sections for the base-level-rise model run have net-to-gross ratios of 0.33-0.37 (Fig. 
4.16B), and corresponding net-to-gross ratios for the base-level fall-then-rise model 
run are 0.20-0.27 (Fig. 4.16E). 
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Figure 4.16 Selected data that illustrate and characterise stratigraphic architectures 
generated by a complex 3D model of channel avulsion, for model runs that simulate: 
A-C) a uniform base-level rise (modified from Figure 4 of Karssenberg and Bridge 
2008), and D-F) a cycle of base-level fall and rise (modified from Figure 9 of 
Karssenberg and Bridge 2008). A, D) 3D perspective views, in which channelised 
sandbodies developed at different times are assigned different colours, B, E) 
upstream (labelled 1) to downstream (labelled 3) cross sections of the 3D model 
volumes, and C, F) associated graphs of L function graphs for sandbody centroids. 
Randomly distributed centroids plot in the envelope defined by Monte Carlo 
simulations (grey). Clustered and regularly spaced sandbody centroids plot beneath 
and above Monte-Carlo envelope (grey), respectively. The value of 𝐿𝐿�(ℎ) is defined 
by Equation 4. 
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These results indicate that stratigraphic architecture in delta-plain settings is 
dominated by avulsion-related clusters of channelised sandbodies that form in 
response to steady sea-level rise (Fig. 4.16A-C) or to cyclical sea-level rises and 
falls (Fig. 4.16D-F). Stratigraphic architecture becomes more heterogeneous from 
upstream to downstream, probably as a result of downstream narrowing of sandbody 
dimensions and increasing avulsion frequency downstream of the avulsion node 
(Mackey and Bridge 1995). The wider range of values of lacunarity for the base-level 
fall-then-rise model run (Fig. 4.16D-F) than for the base-level rise model run (Fig. 
4.16A-C) suggest that a downstream allogenic control increases heterogeneity in 
stratigraphic architecture, despite a similar degree of sandbody clustering in the two 
model runs (compare Fig. 4.16F and Fig. 4.16C). The more heterogeneous 
architecture of the base-level fall-then-rise model run probably results from a larger 
range of sandbody dimensions and more ordered vertical distribution of sandbodies, 
relative to the base-level-rise model run (compare Fig. 4.16E and orange bars in 
Figs. 4.13C, with Fig. 4.16B and maroon bars in Fig. 4.13C). 
 
The localised clustering of sandbody centroids and generally high values of 
lacunarity that characterise the “lower Blackhawk Formation” and “upper Blackhawk 
Formation 1” stratigraphic intervals in the studied cliff-face “windows” of the 
Blackhawk Formation (green and blue bars in Fig. 4.13B) are comparable to the 
cross sections in the delta-plain models of Karssenberg and Bridge (2008) (maroon 
and orange bars in Fig. 4.13C). Sandbody clustering in these models arises as a 
result of channel bifurcation and avulsion on the delta plain, which is fully consistent 
with interpretation of the “lower Blackhawk Formation” and “upper Blackhawk 
Formation 1” intervals as coastal-plain deposits, developed 0-120 km (but generally 
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< 50 km) inland of paleoshorelines that comprised a series of wave-dominated and 
wave-influenced deltas with adjacent strandplains and barrier islands (Flores et al. 
1984; Dubiel et al. 2000; Hampson et al. 2011, 2012). Furthermore, the distribution 
of extensive coal zones that formed during rising relative sea level and interpreted 
incised valleys that developed during falling and lowered relative sea level indicate 
that low-amplitude (< 30 m), high-resolution (< 0.1 Myr) cycles in relative sea level 
influenced stratigraphic architecture in the “lower Blackhawk Formation” interval 
(Flores et al. 1984; Dubiel et al. 2000; Hampson et al. 2012). 
 
4.7. Wider Implications 
 
Although multiple conceptual models predict patterns of fluvial sandbody dimensions 
and spatial distributions (e.g. Wright and Marriott 1993; Shanley and McCabe 1994; 
Richards 1996; Weissmann et al. 2013), this study is one of only a handful that 
quantitatively characterises stratigraphic patterns in appropriately large outcrop 
datasets or data compilations of ancient systems (e.g.  Hajek et al. 2010; Colombera 
et al. 2012; Pranter et al. 2013). The results suggest a template for spatial patterns 
of distribution of fluvial sandbodies that largely reflects autogenic behaviours, and 
that may be generally applicable to major (i.e., 1-10 Myr duration) regressive clastic 
wedges, at least in back-tilted foreland basins (e.g. Heller and Paola 1996; Hajek et 
al. 2014). Lower-coastal-plain strata are characterised by sandbody clustering that 
resulted from the internal dynamics of delta-plain distributary channel systems, 
potentially in combination with externally forced relative sea-level changes (e.g.  
Karssenberg and Bridge 2008) (Fig. 4.16). Upper-coastal-plain and alluvial-plain 
strata exhibit less pronounced sandbody clustering and more pronounced regular 
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spacing, the latter due to compensational stacking of channel-belt deposits that were 
not constrained by the position of long-lived avulsion nodes at delta apices in 
upstream locations (e.g. Bridge and Leeder 1979) (Fig. 4.14). These spatial patterns 
appear to occur over a wide range of estimated sediment accumulation rates, which 
approximate tectonic subsidence rates (c. 40-700 m/Myr; Fig. 4.2), suggesting that 
there is no strong relationship between avulsion frequency and sedimentation rate 
(e.g. Heller and Paola 1996) (Fig. 4.15). Mean sandbody width increases only 
slightly from base to top of the Blackhawk Formation (Fig. 4.8), implying that there 
was only modest variation in the dimensions and lateral migration of paleochannels, 
as recorded in the width and thickness of channel-belt sandbodies. This inference is 
consistent with detailed architectural studies of selected channelised fluvial 
sandbodies in the Blackhawk Formation and the Castlegate Sandstone, which 
document only modest changes in fluvial style (Adams and Bhattacharya 2005; 
Hampson et al. 2013). High-frequency, allogenic cycles in relative sea level appear 
to have only a minor impact on sandbody clustering (cf. Karssenberg and Bridge 
2008) (Fig. 4.16), outside of incised-valley fills that form thick (up to 25 m), laterally 
extensive (1-6 km), multistorey and multilateral sandbodies (e.g. Figure 13 in 
Hampson et al. 2012). Evidence of high-frequency, allogenic upstream controls (e.g. 
climate cycles, or “pulses” of tectonic uplift) also appears to be absent, because such 
signals have a subtle expression and/or have been lost during sediment transport 
(“signal shredding” sensu Jerolmack and Paola 2010). 
 
This stratigraphic-architectural template of distributions of fluvial sandbodies has 
several implications for the connectivity of hydrocarbon reservoirs and groundwater 
aquifers. The connectivity of channelised fluvial sandbodies is generally considered 
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to be controlled by: (1) the proportion of channelised sandbodies in the reservoir (cf. 
net-to-gross ratio); (2) sandbody width and thickness; (3) sandbody sinuosity and 
range of sandbody orientations; (4) organisation of sandbody stacking; and (5) the 
sandstone content of crevasse-splay and other non-channelised floodplain deposits 
(Jones et al. 1995; Larue and Hovadik 2006). The stratigraphic-architectural 
template principally addresses the organisation of sandbody stacking. Clustering of 
channelised fluvial sandbodies in lower-coastal-plain strata is likely to increase 
sandbody connectivity within the clusters (e.g. branching network of deltaic 
distributary-channel sandbodies) (Larue and Hovadik 2006), although the clusters 
themselves may be poorly connected. Compensational stacking and the resultant 
regular spacing of channelised fluvial sandbodies in upper-coastal-plain and alluvial-
plain strata is likely to reduce sandbody connectivity (Larue and Hovadik 2006), 
although this may be offset by increases in the proportion of sandbodies and in 
mean sandbody width in these strata. These autogenically generated sandbody 
distributions occur in a predictable arrangement in the Blackhawk Formation, and 
potentially in other major (i.e., 1-10 Myr duration) regressive clastic wedges. 
 
4.8. Conclusions 
 
Data from a large, well-exposed outcrop belt (Upper Cretaceous Blackhawk 
Formation, Wasatch Plateau, central Utah, U.S.A.) are used to quantitatively 
characterise and analyze the geometry and distribution of channelised fluvial 
sandbodies in coastal-plain strata. The abundance and apparent dimensions of 
channelised fluvial sandbodies broadly increase from base to top of the Blackhawk 
Formation, resulting in an upward-increasing proportion of fluvial sandbodies (cf. net-
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to-gross ratio). These trends suggest an increase in lateral channel migration and/or 
widening of channel-belts from base to top of the formation. Variations in apparent 
sandbody width between the cliff-face panels correlate to panel orientations, implying 
that channelised sandbodies form a population with a mean west-east azimuth, 
approximately perpendicular to the regional paleoshoreline trend. Lacunarity 
decreases from base to top of the Blackhawk Formation, indicating that a wider 
range and variance of gaps occurs between sandbodies as the proportion of 
channelised sandbodies and apparent sandbody width increase. Localised clustering 
of sandbody centroids also occurs preferentially in the lower part of the Blackhawk 
Formation, which comprises lower-coastal-plain strata (< 50 km from the coeval 
shoreline). Sandbody centroids show a weak tendency for regular spacing in the 
upper part of the formation. 
 
Comparison with generic numerical modelling studies suggests that spatial patterns 
of sandbody distribution can be attributed to: (1) avulsion of deltaic distributary 
channels in locations downstream of long-lived avulsion nodes, which may also have 
been modulated by high-frequency relative-sea-level cycles, in the lower part of the 
Blackhawk Formation; and (2) compensational stacking of sandbodies in the upper 
part of the Blackhawk Formation. Sediment accumulation rate varied significantly 
during deposition (c. 40-700 m/Myr), but any potential variation in its relationship to 
avulsion frequency had little influence on avulsion style or, via comparison with 
numerical modelling studies, on sandbody-distribution patterns. These results imply 
that autogenic behaviours were the dominant control on stratigraphic architecture 
and patterns of sandbody distribution. 
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This study demonstrates the value of collecting large outcrop datasets, which enable 
quantitative characterization of sandbody distributions and related stratigraphic 
architectures using spatial statistical methods. The results also provide validation of 
numerical modelling studies of avulsion mechanisms and controls using exposures 
of ancient fluvial strata. 
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CHAPTER 5: ANALYSIS OF FLOODPLAIN SEDIMENTATION, AVULSION 
STYLE AND CHANNELISED FLUVIAL SANDBODY DISTRIBUTION, MIDDLE 
JURASSIC NESS FORMATION, BRENT FIELD, UK NORTH SEA. 
 
Descriptions and interpretations of fluvial sedimentary facies and palaeosols located 
within the Ness Formation of the Brent Group are documented in this chapter. The 
Ness Formation is used as comparable subsurface study for the Blackhawk 
Formation. Discussion focuses on spatial and temporal stratigraphic variability of 
channelised fluvial sandbodies and surrounding fine-grained floodplain fines, and 
avulsion controls on preserved architecture. The application of previous numerical 
modelling studies to subsurface well data of the Ness Formation is also tested.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
227 
 
 Chapter 5. 
CHAPTER 5 
 
Analysis of Floodplain Sedimentation, Avulsion Style and Channelised Fluvial 
Sandbody Distribution, middle Jurassic Ness Formation, Brent Field, UK North 
Sea. 
 
5.1. Abstract 
Numerical models and recent outcrop case studies of alluvial-to-coastal plain strata 
suggest that autogenic avulsion can control the stacking density and architecture of 
channelised fluvial sandbodies. The application of these models to subsurface well 
data is tested via analysis of upper coastal plain deposits of the late Bajocian Ness 
Formation, in the Brent Field reservoir, UK North Sea.  
 
Sedimentological facies analysis and palaeosol characterisation in core have been 
used to interpret styles of palaeochannel avulsion. These results have then been 
compared to the dimensions and distributions of channelised fluvial sandbodies 
which have been quantified using spatial statistical tools (lacunarity, Besag’s L 
function) applied to interpretative correlation panels between closely spaced wells. 
The results indicate that palaeosol character and avulsion style interpreted in core 
reflect distinct avulsion-generated distributions of channelised sandbodies, which in 
turn influence sandbody connectivity and pressure depletion patterns. Stratigraphic 
intervals with relatively wide sandbodies that display some clustering in their 
stratigraphic architecture are associated with a relatively high proportion of incisional 
avulsions and composite (stacked) palaeosol profiles in core. Such intervals exhibit 
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relatively good vertical pressure communication and relatively slow, uniform pressure 
depletion. 
 
5.2. Introduction 
Numerical models that investigate the dimensions and connectivity of channelised 
fluvial sandstone bodies suggest that avulsion frequency and sediment accumulation 
rate control the spatial distribution of such bodies in alluvial-to-coastal-plain strata 
(Leeder 1978; Allen 1978; Bridge and Leeder 1979; Mackey and Bridge 1995; Heller 
and Paola 1996; Törnqvist and Bridge 2002; Jerolmack and Paola 2007). However, 
alluvial-to-coastal-plain successions are commonly interpreted with reference to 
sequence stratigraphic models that relate the character and distribution of 
channelised fluvial sandbodies to allogenic (external) controls such as tectonic 
subsidence, base level, and changes in sediment and water supply (e.g. Wright and 
Marriot 1993; Shanley and McCabe 1994). In this context, autogenic (internal) 
behaviours are often presumed to represent relatively small-scale, high-frequency 
‘noise’ that modulate the effects of larger-scale allogenic controls (Slingerland and 
Smith 2004; Hajek and Wolinsky 2011). Recent physical and numerical modelling 
experiments and selected outcrop case studies of channel-belt stacking patterns 
suggest that autogenic behaviours can generate large-scale self-organisation 
whereas allogenic forcing remains relatively constant (Mackey and Bridge 1995; 
Blum and Törnqvist 2000; Jerolmack and Paola 2007; Bridge 2008; Straub et al. 
2009; Hajek et al. 2010; Hajek and Wolinsky 2012; Flood and Hampson 2015). 
However, to date there have been few attempts to apply the concept of autogenic 
stratigraphic organisation to alluvial-to-coastal-plain reservoirs (Hofmann et al. 
2011). 
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Avulsion is an autogenic process that occurs during active alluvial sedimentation, 
and involves the relatively rapid diversion of flow out of an established channel-belt, 
either by reoccupation of a pre-existing channel or relocation to a new permanent 
position on the floodplain (Allen 1978; Mohrig et al. 2000; Slingerland and Smith 
2004; Jones and Hajek 2007). Avulsion typically controls the long-term distribution of 
sediment and water on the alluvial plain (Mohrig et al. 2000), and thus, plays an 
important role in controlling fluvial stratigraphic architecture (Leeder 1978; Allen 
1978; Bridge and Leeder 1979; Mackey and Bridge 1995; Heller and Paola 1996; 
Mohrig et al. 2000). Two patterns of channel-belt stacking pattern can be generated 
by avulsion: Clustering and compensational stacking (Straub et al. 2009; Hajek et al. 
2010; Hofmann et al. 2011). Channel-belt clustering results from locally confined 
accommodation space and/or sediment supply (Leeder 1978; Shanley and McCabe 
1994; Hajek et al. 2010; Hofmann et al. 2011). In contrast, compensational stacking 
results from preferential channel relocation into topographically lower positions on 
the floodplain due to differential sedimentation rate (Jerolmack and Paola 2007; 
Straub et al. 2009). 
 
Palaeosol analysis can be used to determine variations in floodplain sediment 
accumulation rate (Kraus and Gwinn 1997). The spatial relationships between 
channelised fluvial sandbodies and surrounding overbank deposits, including 
palaeosols, can help to determine avulsion style and variability in alluvial 
successions (Kraus and Aslan 1993; Kraus 1996). Three styles of avulsion have 
been documented in previous studies: avulsion by annexation (avulsion by 
reoccupation sensu Slingerland and Smith 2004), avulsion by incision (sensu Mohrig 
et al. 2000; Slingerland and Smith 2004), and avulsion by progradation (Kraus and 
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Wells 1999; Mohrig et al. 2000; Slingerland and Smith 2004; Flood and Hampson 
2014). The style of avulsion may be controlled by floodplain topography, 
sedimentation processes, base level, and the distribution and stacking density of 
channels on the alluvial plain (Kraus and Wells 1999; Mohrig et al. 2000; Jones and 
Hajek 2007). These models of avulsion style have not been previously applied to 
subsurface data.  
 
In this paper, I use data from an alluvial-to-coastal plain reservoir (Late Bajocian 
Ness Formation, Brent Field, UK North Sea) in order to: (1) analyse the detailed 
sedimentological character of overbank deposits and palaeosols in core, to enable 
interpretation of the stratigraphic and palaeogeographic variation in avulsion style, 
(2) quantitatively analyse the dimensions and spatial distribution of channelised 
fluvial sandbodies, and (3) compare patterns of sandbody distribution with core-
based sedimentological analysis.  
 
5.3. Geological context and stratigraphic framework 
The Middle Jurassic (Aalenian-Bathonian) Brent Group was deposited across the 
East Shetland Platform, North Viking Graben and Horda Platform, and forms a 
reservoir in over 65 fields in the northern North Sea (Fig. 5.1A; Husmo et al. 2003). 
The Brent Group was deposited over c. 12 Myr during a period of tectonic 
quiescence and passive thermal subsidence following Triassic rifting, and prior to the 
main phase of late Jurassic rifting (Husmo et al. 2003). The Brent Field is situated in 
a gently dipping (8°), westerly rotated fault block on the eastern margin of the East 
Shetland Basin (Taylor et al. 2003; Fig. 5.1B). The field was initially discovered in 
1971  (Taylor et al. 2003),  and  had  produced   just  over   2000  MMSTB  of   oil  by  
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Figure 5.1 A) Paleogeographic map for maximum regression of the Brent Group 
during the Late Bajocian (after Husmo et al. 2003 and references therein). The 
location of the Brent Field is shown. B) Map of the Brent Field, locating the position 
of stratigraphic cross sections (Figs. 5.3, 5.4), selected cored wells (Figs. 5.8, 5.10, 
5.11, 5.12), original oil-water contact (after Taylor et al. 2003), and faults.  
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December 2014 (DECC 2015). Planning of field abandonment is currently taking 
place (Shell UK 2015), but the Brent Group reservoir serves as a data-rich analogue 
for many less mature reservoirs in other Brent Province fields. 
 
The Ness Formation constitutes coastal plain deposits of the Brent Group, with the 
underlying Rannoch and Etive formations and overlying Tarbert Formation 
representing partly coeval shallow-marine deposits (Fig. 2; Deegan and Scull 1977). 
In combination, the Rannoch, Etive, Ness and Tarbert formations record the overall 
regression and subsequent transgression of a wave-dominated delta (Fig. 2; Deegan 
and Scull 1977; Budding and Inglin 1981; Johnson and Stewart 1985). Various low-
resolution and high-resolution sequence stratigraphic schemes have been 
constructed for the Brent Group (e.g. Helland-Hansen et al. 1992; Mitchener et al. 
1992; Fjellanger et al. 1996; Hampson et al. 2004). High-resolution sequence 
stratigraphic schemes tend to contain units that are comparable in scale to reservoir 
zones at a field scale (e.g. Flint et al. 1998; Morris et al. 2003). In the Brent Field 
reservoir, the Ness Formation is subdivided into lower (reservoir zones 3.1-3.3; Fig. 
5.3), middle (reservoir zone 2.5; Fig. 5.4; “Mid-Ness Shale”; Budding and Inglin 
1981; Fjellanger et al. 1996), and upper intervals (reservoir zones 2.1-2.4 and 1.2-
1.4; Fig. 5.4) based on the distribution of field-wide coal zones and other facies 
associations (Livera 1989). The distribution of channelised fluvial sandbodies in the 
Ness Formation of the Brent Field is interpreted to reflect a combination of allogenic, 
high- frequency relative sea-level changes and associated variations in distance 
from the regional palaeoshoreline (Hampson et al. 2004), and localised, autogenic 
variations in sediment supply and basinal processes (Livera 1989). The Ness 
Formation was deposited under a relatively stable humid climate (e.g. Ryseth 1989). 
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Figure 5.2 Summary lithostratigraphic scheme for the Middle Jurassic Brent Group 
(after Deegan and Scull 1977). 
 
5.4. Dataset and Methodology 
The dataset for this study comprises core from four wells (211/29-2, 211/29-3, 
211/29-C06, 211/29-A16; Fig. 5.1) and the facies-architectural interpretations of 
Livera (1989), which are based on wireline log and core data from 72 wells, and 
have been supported by subsequent well data, reservoir modelling studies and 
reservoir monitoring (e.g. Bryant et al. 1991; Abbotts and Van Kuijk 1997; James et 
al. 1999). In total, 570 m of core was logged, in order to carry out detailed facies 
analysis and palaeosol characterisation. The apparent widths and thicknesses of 
channelised fluvial sandbodies were measured from two cross-sections aligned 
approximately perpendicular to the axes of channelised sandbodies, through the 
lower (Fig. 5.3), middle, and the upper Ness Formation (Fig. 5.4) (after figures 7 and 
8 of Livera 1989). These cross-sections were constructed using core and wireline-log 
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data from 51 wells projected into the lines of cross-section (Livera 1989). The cross-
sections are subdivided into their constituent reservoir zones (Fig. 5.3, 5.4), in order 
to measure the dimensions and spatial distributions of channelised fluvial 
sandbodies in upper coastal plain strata, as outlined below. Lower coastal plain 
strata contain too few channelised fluvial sandbodies for meaningful analysis of their 
spatial distribution (Fig. 5.3, 5.4). The dimensions and orientations of the panels are 
summarised in Table 5.1. 
 
5.4.1. Measurement of sandbody dimensions 
 
The apparent width and thickness of each channelised fluvial sandbody was 
measured from the cross-sections, for upper coastal plain deposits in reservoir 
zones 2.1-2.4 and 3.2 (Fig. 5.5). Errors associated with the panel images are small, 
and reflect image resolution and measurement repeatability, although there is 
uncertainty in sandbody correlation, extent and orientation between wells in the 
original work of Livera (1989). Sandstone isopach maps indicate that channelised 
sandbodies are oriented approximately west-east, nearly perpendicular to the cross-
sections (Figs. 5.3B, 5.4B). However, the measured widths of sandbodies in the 
cross-sections are apparent values that may slightly over-estimate true sandbody 
widths (by up to 6%, for portions of the cross-sections that are oriented N019). 
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Figure 5.3 
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Figure 5.3 A) Stratigraphic cross section of the lower Ness Formation in the Brent 
Field (Fig. 5.1), showing the distribution of channelised fluvial sandbodies and field-
wide coal zones, which are used to define reservoir zones 3.1, 3.2 and 3.3 (after 
figure 3 of Livera 1989). Selected cored intervals shown in Figures 5.8 and 5.11 are 
located. A high-resolution sequence stratigraphic interpretation (Hampson et al. 
2004) is also shown. The cross-section is vertically exaggerated by x100. B) 
Sandstone isopach map of reservoir zone 3.1 (after figure 7 of Livera 1989). Large 
sandstone thicknesses (c. >12 m) correspond to channelised fluvial sandbodies. 
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Figure 5.4 
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Figure 5.4 A) Stratigraphic cross section of the middle and upper Ness Formation in 
the Brent Field (Fig. 5.1), showing the distribution of channelised fluvial sandbodies 
and field-wide coal zones, which are used to define reservoir zones 2.1-2.5 (after 
figure 4 of Livera 1989). Selected cored intervals shown in Figure 5.10 and 5.12 are 
located. A high-resolution sequence stratigraphic interpretation (Hampson et al. 
2004) is also shown. The cross-section is vertically exaggerated by x100. B) 
Sandstone isopach map of reservoir zone 2.5 (after figure 8 of Livera 1989). Large 
sandstone thicknesses (c. >12 m) correspond to channelised fluvial sandbodies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
239 
 
 Chapter 5. 
Panel Stratigraphic 
Unit or Cycle 
Panel 
Thickness 
(m) 
Panel  
Width  
(km) 
Panel 
Orientation 
Number of 
Sandbodies 
A Cycle 2 52 m 12 km N019 / N175 n: 34 
B Unit 2.1 15 m 12 km N019 / N175 n: 13 
C Unit 2.2 12 m 12 km N019 / N175 n: 9 
D Unit 2.4 17 m 12 km N019 / N175 n: 14 
E Unit 3.2 23 m 12 km N014 / N175 n: 28 
 
Table 5.1 Dimensions and orientations of panels A-E in the Ness Formation (Fig. 
5.5). 
 
5.4.2. Measurement of sandbody distributions  
 
Spatial statistical methods have been applied to analyse the distributions of points 
and objects in various scientific disciplines. Several widely used methods are 
inappropriate for our analysis because they only compare results for areas of similar 
size (e.g. nearest neighbour distance method; Clark and Evans 1954), or require 
robust identification of a chronologically ordered series of depositional horizons (e.g. 
compensation index; Straub et al. 2009). For the purpose of this study, lacunarity 
and Besag’s L function (Fig. 5.6) are used because these methods can be applied to 
geological datasets to generate clear and easily interpretable outputs (e.g. Plotnick 
1999; Rankey 2002; Hajek et al. 2010; Roy et al. 2010; Zhao et al. 2011; Flood and 
Hampson 2015). 
 
5.4.2.1. Lacunarity 
Lacunarity is a scale-dependent measure of spatial dispersion (Plotnick et al. 1996). 
We use the gliding-box algorithm method (Allain and Cloitre 1991) to calculate 
lacunarity, because it is a relatively straightforward and computationally simple 
technique (Plotnick et al. 1996). 
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Figure 5.5 
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Figure 5.5 Cross-section panels for stratigraphic subdivisions of the Ness Formation 
in the Brent Field: A) Cycle 2, B) reservoir zone 2.1; C) reservoir zone 2.2; D) 
reservoir zone 2.4; and E) reservoir zone 3.2 (after Figs. 5.3, 5.4; Livera 1989). Net-
to-gross ratios within each reservoir zone are taken from Livera (1989). Each panel 
is converted into a binary image in which “foreground” channelised sandbodies 
(black) are distinguished from “background” floodplain and lagoonal deposits (white), 
in order to measure lacunarity. A white point represents the centroid of each 
channelised fluvial sandbody, and the distribution of centroids is used for our 
application of Besag’s L function. Grey shaded sandbodies in reservoir zones 3.3, 
3.1 and 2.5 are excluded from our analysis. 
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A binary, black-and-white image of each panel was generated (Fig. 5.6A). The 
algorithm uses square boxes of different sizes to sample the binary image. A box of 
given length is placed at the top left of the image, and the number of pixels 
representing sandstone (black in Fig. 5.6A) within the box are counted. The box is 
then moved one column along to the right and the process is repeated over all rows 
and columns until the entire area of the panel has been scanned and counted. 
Twelve box sizes were used to scan each panel, with minimum and maximum box 
sizes of 2% and 45% of the panel area, respectively. The maximum box size was 
chosen to be less than 50% of the panel area, because larger sizes introduce 
statistical errors (Karperien 1999-2013). The gliding-box algorithm is typically used to 
generate a frequency distribution of lacunarity against box size (e.g. Plotnick et al. 
1996). Since little variation in lacunarity exists for different box lengths used in this 
study, we calculate a single, mean value of lacunarity for each panel by averaging 
across the length scales of all grid box sizes and over all grid orientations (Karperien 
1999-2013) (e.g. on the vertical axis of Fig. 5.6C). A low value of lacunarity 
(minimum = 0) is suggestive of a homogeneous and translationally invariant pattern 
containing gaps of similar size (Fig. 5.6C). A high value of lacunarity (maximum = 1) 
indicates a heterogeneous pattern with a varied range of gap sizes (Fig. 5.6C) 
(Plotnick et al. 1996). Values of lacunarity are dependant only on the assignment of 
pixels to sandstone or shale, and not on interpretation of sandbody type or hierarchy. 
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Figure 5.6 Diagrams illustrating the application of lacunarity and the L function in this 
study. A) Binary image of panel of reservoir zone 2.4 (Fig. 5.5D) in which 
channelised fluvial sandbodies (black) are distinguished from floodplain deposits 
(white), in order to measure lacunarity. The centroid of each channelised fluvial 
sandbody is illustrated as a white point, and their distribution is used for our 
application of Besag’s L function. The panel is vertically exaggerated by x123 (i.e. 
ratio of mean apparent sandbody width, 985 m to mean sandbody thickness, 8 m). 
B) Plot of L function for panel of reservoir zone 2.4 (Fig. 5.6A). The horizontal and 
vertical axes show distances expressed as multiples of mean apparent sandbody 
dimensions, in order to minimise the effects of anisotropy in sandbody dimensions. 
Random distributions plot within the envelope for complete spatial randomness 
defined by 99 Monte Carlo simulations. Clustered and regularly spaced centroid 
distributions plot below and above this envelope, respectively (after convention of 
Rosenberg and Anderson 2011). C) Plot of lacunarity versus inhomogeneity in 
spatial positioning of sandbody centroids, as identified using the L function. Data are 
shown for three cartoons that illustrate type examples of spatial patterns (right of 
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plot) and for panel of reservoir zone 2.4 (Fig. 5.6A). Grey bars represent the spatial 
extent of data for each image, and superimposed black bars show the length scales 
of sandbody-centroid clustering or regular spacing. Length scales not represented by 
black portions of the grey-and-black bars correspond to random spacing of sandbody 
centroids. Length scales are expressed as multiples of mean apparent sandbody 
dimensions. Lacunarity is dimensionless.  
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5.4.2.2. Ripley’s K function and Besag’s L function 
 
Analysis of second-order spatial point patterns commonly involves the use of 
Ripley’s K function (Ripley 1977), which measures the extent of clustering and 
spatial dispersion at different length scales. Ripley’s K function, K(h), is obtained in a 
plane using circles of radius h with their centres at each point (e.g. Cressie 1993; 
Rosenberg and Anderson 2011). The average number of points inside of these 
circles is calculated and divided by the number of points per area to obtain K(h). The 
distribution and presence of points is then evaluated at different values of h. If the 
number of points found at a certain distance is equal to the number of points 
expected, taking into account the intensity of the point process, the resulting 
distribution pattern is defined as random. If more points are found within a given 
distance than the number expected, then this indicates clustering. If fewer points are 
found, then points are distributed regularly. We use Besag’s L function (Besag 
1977), 𝐿𝐿�(ℎ) , a variance-stabilised version of Ripley’s K function, so that the K 
function can be compared to its expected value and against a benchmark of zero 
(Besag and Diggle 1977; Rosenberg and Anderson 2011). We use 99 Monte Carlo 
simulations of a completely spatially random point process to establish a probability 
distribution for the number of points expected for the studied range of h at a 95% 
confidence level (Rosenberg and Anderson 2011). If  points are regularly dispersed, 
then the L function plots positively above the complete spatial randomness envelope 
(Fig. 5.6B; Besag 1977). In contrast, if points are clustered, then the L function plots 
negatively below the complete spatial randomness envelope (Fig. 5.6B; Besag 
1977). 
246 
 
 Chapter 5. 
We use the L function to analyse the distribution of the centroids of channelised 
fluvial sandbodies in every panel (white dots in Figs. 5.5, 5.6A) (cf. Hajek et al. 
2010). Each panel was vertically exaggerated by x123, which corresponds to the 
ratio of mean apparent sandbody width to mean maximum sandbody thickness over 
all of the studied panels, in order to minimise the effects of anisotropy in sandbody 
dimensions on the results of our analysis (cf. Flood and Hampson 2015). 
Consequently, the expected spacing of sandbody centroids displays a constant 
mean and constant variance in all directions. Length scale is expressed in multiples 
of mean apparent sandbody dimensions (labelled “x1”, “x2”, etc. on the horizontal 
axis of Fig. 5.6C), and vertical and horizontal spacing’s of sandbody centroids are 
scaled according to mean maximum sandbody thickness and mean apparent 
sandbody width, respectively. In order to avoid distortion by edge effects, we use 
Ripley’s weighted method (Ripley 1988) such that the maximum distance between 
points that is considered in our application of the L function is 25% of the width or 
height of each model cross-section (Rosenberg and Anderson 2011). In addition, 
10% of channelised fluvial sandbodies in the dataset extend beyond the lateral limits 
of the panel, and are excluded from our analysis because their centroids cannot be 
accurately determined (grey sandbodies in Fig. 5.5). The position of sandbody 
centroids within each panel is independent of the three-dimensional orientation of the 
sandbodies, but their horizontal spacing may vary according to the orientation of the 
panel. The total number of centroids in each panel (Fig. 5.5) ranges between 9 
(Panel C; Table 5.1) and 34 (Panel A; Table 5.1). The identification of sandbody 
centroids is sensitive to interpretation of sandbody type and hierarchy. Results will 
be most robust if only sandbodies of a particular hierarchical level (e.g. channel-
belts) are included in the analysis. 
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5.5. Facies Analysis 
 
Facies analysis of the Ness Formation in the four studied cored wells has identified 
six facies associations, which are summarised in Table 5.2 (after Richards and 
Brown 1986; Livera 1989; Hampson et al. 2004). Three facies associations (FA 1-3; 
Table 5.2), documented below, characterise upper coastal plain strata and form the 
focus of this study. Facies associations that characterise lower coastal plain strata 
(FA 4-6; Table 5.2) are treated only briefly since they are not the focus of this study. 
Trace fossil assemblages and intensity of bioturbation are described using the 
ichnofacies scheme of Pemberton et al. (1992) and the bioturbation index (BI) of 
Taylor and Goldring (1993), respectively, whereas the intensity of pedogenic 
modification is described using the palaeosol maturity index (MI) of Bown and Kraus 
(1987). 
 
5.5.1. FA1: Channelised fluvial sandbodies 
 
5.5.1.1. Description 
Facies association 1 (FA1) comprises erosionally based, sharp topped units that are 
0.9-13 m thick in core (Table 5.2, Figs. 5.7, 5.8). Basal erosion surfaces are directly 
overlain by thin (<10 cm), pebble-grade mudstone intraclast lag deposits or 
carbonaceous debris, followed by a fining-upward succession (Fig. 5.7A-B). Fining-
upward successions consist of trough and planar cross-bedded sandstone, 
horizontally-laminated sandstone and siltstone, current ripple cross-laminated 
sandstone and siltstone (Fig. 5.7C), massive sandstone and siltstone, and root-
penetrated beds. Soft sediment deformation structures in the form of convolute 
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Facies 
association 
Description Thickness  Ichnology, Palaeosol 
maturity (MI) and 
Bioturbation Index (BI) 
             Interpretation 
 
 
 
FA-1: 
Channelised 
Fluvial 
Sandstone 
Fine- to coarse-grained sandstone with 
pebble-grade intraformational or basal 
mudstone lags with carbonaceous debris. 
Sedimentary structures include cross-
beds, asymmetrical ripples, and planar 
lamination. Consist of an erosive base, 
soft sediment deformation structures, and 
fining-upward successions. Rooting 
situated in some multistorey channels. 
Pyrite and siderite nodules. 
Thickness: 
90 cm – 13 
m 
 
Generally absent (BI: 0), 
but locally sparse to low 
(BI: 1–2; Scoyenia 
ichnofacies: Taenidium 
Baretti). 
MI: 0-2 
Channel-fill deposits contain internal cross-
stratification produced by the migration of bars 
and smaller bedforms. Periods of non-
deposition and subaerial exposure identified by 
root traces. Channelised fluvial sandbodies 
overlie every other facies association. 
 
 
FA-2: 
 Non 
Channelised 
Fluvial 
Sandstones 
and Siltstones 
Very-fine siltstone to medium-grained 
sandstone containing current ripple 
cross-lamination, horizontal bedding, 
cross-beds, massive units, and 
carbonaceous debris. Modification via 
soft sediment deformation, bioturbation, 
or pedogenesis. Stacked upward 
coarsening and upward fining grainsize 
trends, and pyrite or siderite concretions, 
and sheet like upper and lower bed 
geometries. 
Thickness: 
60 cm – 6 m 
 
Absent to moderate (BI: 
0–3; Skolithos 
ichnofacies: Skolithos, 
Scoyenia ichnofacies: 
Taenidium Baretti). 
MI: 0-3 
Plane-bedded sandstones and siltstones record 
waxing and/or waning of unconfined crevasse 
splays or sheet floods. Stacked coarsening 
upward and fining upward beds record 
progradation and retreat of main channel (e.g. 
Miall 1985). 
 
FA-3: 
Non 
Channelised 
Floodplain 
Fines 
(including 
coals) 
Silt- to clay grade mudstones and coal 
containing sheet-like units that are later 
modified by bioturbation, rooting, and 
pedogenesis. Soft sediment deformation, 
carbonaceous debris, desiccation cracks, 
synaeresis cracks, and pyrite and siderite 
nodules are also common. Coal beds 
display varied thicknesses. 
Thickness: 
30 cm - 3 m 
 
Generally absent (BI: 0), 
But locally low (BI: 2; 
Skolithos ichnofacies: 
Arenicolites Carbonarius). 
MI: 0-4  
Vertical aggradation on a vegetated floodplain 
or swampy standing water body via intermittent 
inundation of fine-grained sediment from 
suspension during flooding. Later followed by a 
period of subaerial exposure consisting of 
rootlets, pedogenic horizons, bioturbation and 
coal seams. (e.g. Miall 1996). Synaeresis 
cracks indicate variations in salinity during 
deposition (e.g. Livera 1989). 
 
FA-4:  
Lagoonal 
Mouthbar 
Sandstones 
Siltstone to coarse-grained sandstone 
containing cross-bedding, cross-
lamination, planar lamination, and 
upward-fining or upward-coarsening 
grainsize trends. Wave reworking, 
Thickness: 
90 cm - 10 
m 
 
Generally absent, but 
locally sparse to moderate 
(BI 1–3; Skolithos 
ichnofacies: Skolithos and 
Arenicolites Carbonarius). 
Sharp-based graded beds record deposition of 
deltaic mouth bars by traction currents. Later 
modification via current and wave-working (e.g. 
Livera 1989). 
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pedogenesis, bioturbation and soft 
sediment deformation. Sharp basal 
erosion surfaces and graded bedding. 
Irregular basal erosion surfaces are lined 
by mudstone intraclasts. 
MI: 0-2 
 
FA-5: 
 Lagoonal 
Wave-
Influenced 
Sandstones 
and Siltstones 
Siltstone to coarse-grained sandstone 
containing wave and current ripple cross-
lamination, micro-scale hummocky cross-
stratification, planar cross-bedding, and 
horizonatal bedding. Common features 
include pyrite and siderite concretions, 
carbonaceous debris, synaeresis cracks, 
bioturbation, and rooting. 
Thickness: 
60 cm - 21 
m 
 
Generally sparse to 
moderate (BI: 1-3; 
Skolithos ichnofacies:  
Skolithos, Diplocraterion, 
and Arenicolites 
Carbonarius, Cruziana 
ichnofacies: Teichichnus 
Rectus). MI: 0-3 
Wave-influenced lagoonal bay associated with 
episodic storms and wave influence and 
produced by combined flow, and migration of 
bars and smaller bedforms. A low diversity of 
fauna suggests the lagoon was fed by 
freshwater distributary channels. Rooting 
suggests reworking via shallow shoals and 
intermitted periods of emergence (e.g. Livera 
1989). 
 
 
FA-6: 
Lagoonal 
Sandstones, 
Siltstones, and 
Mudstones, 
(including 
coals) 
Silty mudstone to medium-grained 
sandstone episodically capped by 
laminated coaly shales and coal beds. 
Consists of hummocky cross stratification 
and current-ripple cross-lamination. 
Commonly homogeneous due to 
presence or absence of bioturbation, 
rootlets and palaeosols. Additional 
features include concretions, 
carbonaceous debris, and synaeresis 
cracks. 
Thickness: 
30 cm - 14 
m 
 
Generally sparse to high 
(BI 1–4; Skolithos 
ichnofacies: Arenicolites 
Carbonarius, Cruziana 
ichnofacies: Teichichnus 
Rectus). MI: 0-4 
Parallel laminated siltstones and sandstones 
generated from suspension settling and current 
or wave migration in a freshwater lagoon (e.g. 
Miall 1996) situated at or above the storm-wave 
base. Intermittent coal beds, bioturbation, and 
rooting suggest periods of slow gradual 
sediment accumulation and reduced 
sedimentation in the lagoon (e.g. Livera 1989). 
 
Table 5.2 Summary of facies associations (after Livera 1989). Trace fossil assemblages, intensity of bioturbation, and palaeosol 
maturity are described using the ichnofacies scheme of Pemberton et al. (1992) the bioturbation index of Taylor and Goldring 
(1993), and the palaeosol maturity index of Bown and Kraus (1987), respectively.  
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lamination, and abundant plant debris are locally present in medium- and coarse-
grained sandstones. Bioturbation is generally absent (BI: 0), but monospecific 
Planolites and Scoyenia ichnofacies (Taenidium) (BI: 1-2) occur locally in the upper 
portion of each fining-upward succession, as do roots, wood fragments, and siderite 
and pyrite concretions (MI: 0-3; Fig. 5.8B, core depth: 11948 feet). Channelised 
fluvial sandbodies either consist of a single fining-upward succession (i.e. single-
storey sandbodies sensu Gibling 2006; e.g. Fig. 5.8A, core depth: 11460 feet), or as 
a series of stacked, fining-upward successions, each with a major erosion surface at 
its base (i.e. multistorey sandbodies sensu Gibling 2006; e.g. Fig. 5.8B-C, core 
depths: 11950 feet and 11625 feet, respectively). Single-storey channelised 
sandbodies are typically 0.9-1.3 m thick (e.g. Fig. 5.8A) and stacked multistorey 
channelised sandbodies reach in excess of 1.3-13.0 m thick (e.g. Fig. 5.8B, C). 
 
5.5.1.2. Interpretation 
FA1 represents fluvial channel-fill and barform deposition (Livera 1989). Basal 
erosion surfaces and the overlying mudclast and carbonaceous lags record initial 
channel scour (Allen 1984). Soft-sediment deformation structures situated towards 
the base of upward-fining successions, or immediately overlying internal erosional 
scour surfaces, provide evidence for bank collapse and/or rapid loading of sediment 
in the channel following a period of non-deposition (e.g. Alexander and Gawthorpe 
1993). During the early stages of channel filling, when channel depth and sediment 
input were high, cross-bedded and current-ripple cross-laminated sandstones 
provide evidence for migration of dunes and ripples in response to unidirectional 
currents (Harms et al. 1975; Bristow 1993). Towards the top of each upward-fining 
succession,  the   abundance  of   horizontally   laminated  and  current-ripple  cross-  
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Figure 5.7 Photographs illustrating key features of selected facies associations 
(Table 5.2) in well 211/29-BC06 (Fig. 5.8). Facies association 1 (FA1), comprising 
channelised fluvial sandbodies: A) Basal erosion surface, B) mudstone and 
carbonaceous intraclast lag, and C) current-ripple cross-laminated sandstones and 
siltstones. Facies associations 2 and 3 (FA2, 3) comprising non-channelised 
floodplain deposits: D) root-penetrated sandstone, E) root-penetrated siltstone 
containing monospecific Planolites montanus (labelled Pm), and F) coal.  
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laminated sandstones and siltstones indicates that the later stages of channel filling 
occurred under decreasing flow velocities and reduced water depths. The 
development of root traces indicates channel abandonment and/or exposure of bar-
tops (e.g. Fig. 5.8C; core depth: 11596 feet; Miall 1977, 1985; Olsen 1988). The 
occurrence of abundant erosion surfaces (Fig. 5.8C, core depth: 11625 feet), 
palaeosol horizons, and lenses of aggradational floodplain fines (FA3) within each 
channelised sandbody is suggestive of an environment that received variable 
sediment input and discharge and indicates there was sufficient time between 
deposition of successive storeys for floodplain deposits to accumulate. Occurrences 
of monospecific assemblages of simple traces (Planolites) and the Scoyenia 
ichnofacies (Taenidium) indicate temporary burrowing by deposit feeders 
(Pemberton et al. 1992). Taenidium is typically associated with high energy 
conditions, such as those within fluvial channels (Pemberton et al. 1992). Single-
storey and multistorey channelised sandbodies, containing one or multiple basal 
erosional scours respectively, are suggestive of a channel-belt architecture (Miall 
1996; Bridge 2006; Payenberg et al. 2011). From this analysis, we can assume that 
the majority of channelised sandbodies illustrated in Livera’s (1989) well-correlation 
panels through the Ness Formation are channel-belts (Figs. 5.3A, 5.4A). Individual 
storeys are difficult to distinguish in multistorey channelised sandbodies because 
only the uppermost storey is usually fully preserved (Rubidge et al. 2000). 
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Figure 5.8 Representative core descriptions from well 211/29-BC06 that illustrate 
facies associations (Table 5.2), associated wireline log trends, bioturbation intensity, 
and intensity of pedogenic modification. The locations of photographs in Figures 5.7 
and 5.9B are shown. Well 211/29-BC06 is located in Figures 5.1 and 5.3. 
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5.5.2. FA2: Non-channelised fluvial sandbodies 
 
5.5.2.1. Description 
Facies association 2 (FA2) consists of sandstones and siltstones with sharp upper 
and lower boundaries that occur as individual beds and vertically amalgamated beds 
that are 0.6-6 m thick in core (Table 5.2). Sandstone and siltstone beds are variously 
planar cross-bedded, current-ripple cross-laminated (including climbing ripples), 
massive and bioturbated, and many beds are penetrated by roots or exhibit weak 
palaeosol development (MI: 0-2) (Figs. 5.7D, 5.8A, core depth: 11450 feet). 28% of 
cored sandstone bedsets in the facies association exhibit a fining-upward grain-size 
trend, typically consisting of planar cross-bedding overlain by current-ripple cross-
lamination and capped by roots, while 28% exhibit a coarsening-upward grain-size 
trend, comprising structureless sandstone overlain by current-ripple cross-lamination 
and planar cross-bedding. The remaining 44% of cored beds comprise structureless 
sandstone or bioturbated sandstone and siltstone. Trace fossil assemblages are of 
low diversity, and constitute monospecific Planolites montanus (BI: 0-3), an 
impoverished Skolithos ichnofacies (Skolithos; BI: 0-2), or Scoyenia ichnofacies 
(Taenidium; BI: 0-2).  
 
5.5.2.2. Interpretation 
The small thickness of beds and bedsets, predominance of structures indicating 
unidirectional currents, and close association with channelised fluvial sandbodies 
(FA1) implies that FA2 was deposited by crevasse splays and levees, which 
developed in response to the breaching of an active channel during overbank 
flooding (Livera 1989; cf. Fielding 1986). The fining-upward grain-size trend is 
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suggestive of waning unidirectional flow conditions, and gradual abandonment of the 
crevasse splay (Bridge 1984). In contrast, coarsening-upward grain-size trends 
suggest crevasse-splay or levee progradation into aggradational floodplain fines 
(Elliott 1974; Farrell 2001). The structureless nature of some beds implies rapid 
sediment-laden fallout from a turbulent suspension (Shultz 1984) or, more likely, 
modification by soft-sediment deformation, bioturbation and/or pedogenic processes 
that destroyed the original sedimentary fabric. The development of roots, palaeosols, 
and bioturbation towards the top of most crevasse splay and/or levee deposits 
reflects repeated intervals of non-deposition and rapid colonization during breaks in 
sedimentation (cf. Fielding 1986). Planolites and Taenidium are commonly 
associated with floodplain environments (Pemberton et al. 1992). 
 
5.5.3. FA3: Non-channelised floodplain fines  
 
5.5.3.1. Description 
Facies association 3 (FA3) consists of coal-bearing and root-penetrated, bioturbated 
and structureless siltstone and mudstone successions that are 0.3-3.0 m thick in 
core (Table 5.2, Figs. 5.7E-F, 5.8B, core depth: 11880 feet). Weakly-developed 
palaeosols (MI: 0-3), and a low diversity trace fossil assemblage of monospecific 
Planolites montanus or an impoverished Skolithos ichnofacies (Planolites montanus, 
Arenicolites; BI: 0-2) occur locally within. Additional features include soft sediment 
deformation in the form of convolute lamination, and pyrite and siderite concretions.  
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5.5.3.2. Interpretation 
FA3 was deposited under low flow regimes via suspension fallout during intermittent 
overbank flooding events (Livera 1989; cf. Miall 1977; Fielding 1986). The 
occurrence of roots provides evidence for repeated periods of subaerial exposure 
following a phase of overbank flooding (cf. Fielding 1986; Melvin 1987). Prolonged 
bioturbation and pedogenesis lead to the development of structureless siltstones and 
mudstones. Coals are associated with the accumulation and preservation of 
carbonaceous plant material in water-saturated peat swamps, which requires a 
sustained period of reduced clastic input and high water table (Haszeldine 1989; 
Bohacs and Suter 1997). The low diversity of trace fossil assemblages suggests a 
restricted, shallow-water environment of deposition, such as a floodplain lake (cf. 
Pemberton et al. 1992). 
 
5.5.4. FA 4-6: Lagoonal deposits  
 
5.5.4.1. Description 
Facies associations 4, 5 and 6 (FA4, FA5, FA6; Table 5.2) generally occur as 
upward-coarsening successions of variably interbedded mudstones siltstones and 
sandstones. Thicknesses of successions for each facies association range between 
0.9-10 m thick (FA4; Table 5.2), 0.6-21 m thick (FA5; Table 5.2), and 0.3-14 m thick 
(FA6; Table 5.2), respectively. Units are sharp-based and exhibit flat, upper contacts. 
Common features include hummocky cross stratification (e.g. Fig. 5.8A, core depth: 
11435 feet), wave-ripples, bioturbation and/ or rooting, pyrite and siderite concretions 
(< 5 cm in diameter), synaeresis cracks, and soft sediment deformation in the form of 
convolute laminations (e.g. Fig. 5.8C, core depth: 11652 feet). Fining-upward and 
Page 257 
 
 Chapter 5. 
coarsening-upward grain size trends are also common (e.g. Table 2, Figs. 5.8C, core 
depth: 11662 feet). Sparse to intense bioturbation (BI: 1-4. e.g. Fig. 5.8C, core 
depth: 11670 feet) by an impoverished Skolithos, or mixed Skolithos-Cruziana 
ichnofacies is typical. 
 
5.5.4.1. Interpretation 
The prevalence of hummocky cross-stratification and symmetrical wave ripples in FA 
5-6 (Table 5.2) suggests deposition in a shallow water body at or above storm wave 
base and within close proximity to the coeval shoreline, to allow for wave and storm 
reworking of the sediment into sandy shoals and deposition under combined and 
oscillatory flow (Livera 1989; Tye et al. 1999). In this context, sandstones of FA4 
(Table 5.2) contain predominantly cross-bedding and current-ripple cross-lamination, 
which indicate deposition from unidirectional currents, and are interpreted as mouth 
bars (Budding and Inglin 1981; Livera 1989). The development of palaeosol profiles, 
interbedded siltstone and mudstone intervals, and abundant root traces (e.g. Fig. 
5.8B, core depth: 11925 feet) indicate periods of reduced flow velocities and non-
deposition, resulting in the temporary abandonment of mouth bars, distributary 
channels, and floodplain lagoonal shoals. Subsequent episodic emergence of the 
mouth bars and lagoonal shoals lead to the formation of sub-aerially exposed beach 
ridges and root development (Livera 1989, Tye et al. 1999). Synaeresis cracks in FA 
4-6 indicate fluctuations in salinity during deposition (Livera 1989). In combination 
with the impoverished character of trace fossil assemblages, which implies a physio-
chemical stress (MacEachern and Bann 2008), synaeresis cracks are consistent with 
a brackish, lagoonal setting (Livera 1989). 
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5.6. PALAEOSOL CHARACTERISATION 
 
Ninety-three palaeosol horizons were identified in the studied core. The studied 
palaeosols are assigned to palaeosol maturity stages 1 to 5 (Figs. 5.9, 5.10), using 
the palaeosol maturity scheme of Bown and Kraus (1987). Stage 1 palaeosols are 
very weakly developed, and contain >80% of the primary depositional fabric. Stage 2 
palaeosols retain 60-70% of their primary depositional fabric and are weakly 
developed. Stage 3 palaeosols are weakly to moderately developed and contain 30-
60% of their primary depositional fabric. Stage 4 palaeosols are moderately to 
strongly developed and retain <30% of their primary depositional fabric. Stage 5 
palaeosols of are not present in the studied cores. 
5.6.1. Description 
 
Three types of palaeosol are recognised in the studied cores. Palaeosols of the first 
type exhibit a maturity stage of 1-2, are 15-150 cm thick, and constitute 37% of the 
palaeosols in the studied cored intervals. Stage 1 palaeosols of this type exhibit very 
little evidence of palaeosol development, are commonly bioturbated, retain their 
original primary depositional colour and fabric, and contain pyrite and siderite 
concretions and small (<5 cm long by <0.5 cm wide) carbonaceous root traces (e.g. 
Fig. 5.9A). Stage 2 palaeosols of this type are grey-white in colour, contain abundant 
root traces, and comprise a single weakly-developed horizon.  
 
Palaeosols of the second type exhibit maturity stages 1-4, are 15-290 cm thick, 
contain pyrite and siderite concretions, and constitute 34% of the studied palaeosols. 
Stage 1  palaeosols  of  this  type consists of  a grey  to white rooted horizon, with  a  
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Figure 5.9 Photographs of representative palaeosols: A) entisol of stage 1 palaeosol 
maturity (sensu Bown and Kraus 1987), with no horizon development, minor root 
hairs, and little alteration of the primary depositional fabric; B) inceptisol of stage 2 
palaeosol maturity in which more intense pedogenesis has led to horizon 
development (defined by diffuse grey and red colouration) and overprinted the 
primary sedimentary fabric; C) inceptisol of stage 3 palaeosol maturity that exhibits 
development of diffuse green, grey and purple horizons, root hairs and siderite 
nodules; and D) histosol of stage 2 palaeosol maturity, with an upper horizon marked 
by a coal and a lower horizon consisting of a clay-rich layer containing root traces 
and a yellow-to-white coloured concretion. The locations of these photos are shown 
in Figures 5.8 and 5.10.  
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Figure 5.10 Core descriptions of representative palaeosols in the Ness Formation: 
A) one single palaeosol succession, one composite palaeosol profile, and one 
compound palaeosol succession (well 211/29-3); B) one single palaeosol 
succession, one compound palaeosol succession, and one composite package 
consisting of inceptisols and histosols (well 211/29-2); and C) one composite 
palaeosol succession consisting of entisols and histosols (well 211/29-BA16). Refer 
to Figure 5.8 for key to core descriptions. 
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greater degree of colouration than palaeosols of the first type. Stage 2 palaeosols of 
this type contain a red-brown horizon that grades upward into a grey-white rooted 
horizon (e.g. Fig. 5.9B). Stage 3 palaeosols of this type consist of a clayey or 
organic-rich lower horizon which passes upward into a root-penetrated, orange-
brown or green-grey upper horizon that exhibits some degree of red and purple 
colouration (e.g. Fig. 5.9C). Stage 4 palaeosols exhibit a greater degree of red-
purple colouration. The colour contacts within this type of palaeosol are diffuse.  
 
Palaeosols of the third type exhibit maturity stages 1-4, are organic-rich, dark grey-
black in colour, and contain coal horizons of 15-150 cm thickness (e.g. Figs. 5.7F, 
5.9D), and constitute 29% of the studied palaeosols. Palaeosols of this type also 
contain root traces, oxidized yellow patches (up to 5 cm in diameter) and 
carbonaceous lenses. 
 
Palaeosol horizons consist of single, compound, or composite profiles. A single 
palaeosol profile is 15-150 cm thick and exhibits a maturity stage of 1-2 (21% of 
palaeosols in the studied cored intervals; represented by black bars in Figs. 5.8, 
5.10-5.12). Compound profiles (sensu Kraus 1987) are 2.1-5.7 m thick (represented 
by grey bars in Figs. 5.8, 5.10-5.12), exhibit a maturity stage of 2-4, consist of 
multiple horizons which are each separated by sediment, and are bounded above 
and below by channelised fluvial sandbodies of FA1 (11% of palaeosols in the 
studied cored intervals). Composite palaeosol horizons occur as a series of vertically 
stacked successive profiles (sensu Morrison 1967; Kraus 1999), which are 0.9-4.2 m 
thick, and have a maturity stage 2-4 (68% of studied palaeosols; represented by 
white bars in Figs. 5.8, 5.10-5.12). Weakly-to-moderately developed compound 
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palaeosols are commonly associated with non-channelised floodplain levees and 
crevasse splays (FA2; Table 5.2, e.g. Fig. 5.9A, C) and lagoonal sandstones, 
sandstones, siltstones, and mudstones (FA6; Table 5.2, e.g. Fig. 5.10A). Compound 
profiles are also located at boundaries between two facies associations such as 
channelised fluvial sandbodies and aggradational floodplain fines (FA1, FA3; Table 
5.2; Fig. 5.10B).  
 
5.6.2. Interpretation 
 
The first type of palaeosol are immature entisols (US Soil Survey 1975, 1998; Mack 
et al. 1993) which record intermittent and relatively short-lived plant colonization of 
floodplain sub-environments such as levees, lagoonal shoals, floodplain lakes and 
crevasse splays (Figs. 5.9A, 5.10). The dark grey-black colour of the palaeosols and 
abundance of carbonaceous material are suggestive of soil formation under reducing 
conditions in poorly-drained, permanently waterlogged areas of the floodplain (e.g. 
Besly and Fielding 1989).  
 
The second types of palaeosol are inceptisols (US Soil Survey 1975, 1998; Mack et 
al. 1993). Waterlogged and incipient inceptisols developed in an environment that 
exhibited variations in water table and occupied reducing conditions, as indicated by 
their dark grey colour, absence of desiccation cracks, and high abundance of 
carbonaceous material (Figs. 5.9B-C, 5.10) (e.g. Besly and Fielding 1989). In 
contrast, purple-red colouration in the upper part of some palaeosol profiles implies 
development under prolonged partially drained and oxidised conditions (Duchaufour 
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1982; Besly and Fielding 1989; Retallack 1990), possibly during episodic lowering of 
the water table (cf. Bown and Kraus 1987).  
 
The third type of palaeosols consists of hydromorphic and peaty histosols (US Soil 
Survey 1975, 1998; Mack et al. 1993), which developed in shallow, waterlogged 
areas of the floodplain with high concentrations of vegetation (e.g. Besly and Fielding 
1989). The dark grey colour (Figs. 5.9D) is characteristic of gleization under poorly-
drained, reducing surface and subsurface conditions (Duchaufour 1982). The 
development of coals requires a sustained high water table and limited clastic input 
(Haszeldine 1989; Bohacs and Suter 1997). 
 
The general abundance of moderately developed palaeosols (maturity stages 2-4 of 
Bown and Kraus 1987), and the prevalence of stacked profiles consisting of entisols, 
inceptisols and histosols (68 % of profiles are composite and 11 % are compound) 
imply relatively sustained periods of non-deposition (Kraus and Bown 1993). 
Compound palaeosols are suggestive of rapid sedimentation, and developed 
adjacent to channel margins where sedimentation was rapid and episodic and 
erosion was minor (e.g. Wright and Marriot 1993; Kraus and Aslan 1999; Kraus 
1999). Compound palaeosols may be associated with the avulsion of a main channel 
(Kraus and Aslan 1993; Kraus 1996; Kraus and Gwinn 1997). Composite palaeosols 
developed where the rate of pedogenesis was higher than the rate of deposition, or 
where erosion and channel incision were pronounced (Kraus 1992, 1999; Wright 
1992; Kraus and Bown 1993). As a main channel migrated and avulsed laterally over 
time, a series of vertically and partially overlapping palaeosol profiles developed due 
to relatively short-lived pauses in pedogenesis (Morrison 1967; Miall 2014). Single 
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palaeosols that consist of one single rooted horizon (21 % of palaeosol profiles) 
suggest that palaeosol development was relatively short-lived and aggradation rates 
were sufficiently high to limit the development of mature palaeosols (e.g. Kraus and 
Bown 1993; Kraus 2002).  
 
5.7. Avulsion Style 
 
As outlined below, three styles of avulsion are interpreted from the vertical facies 
context and palaeosol types associated with 34 channelised fluvial sandbodies in the 
studied core dataset: (1) avulsion by annexation, (2) avulsion by progradation, and 
(3) avulsion by incision (cf. Flood and Hampson 2014, after Mohrig et al. 2000; 
Slingerland and Smith 2004). There is uncertainty in our interpretation of avulsion 
style, since only vertical facies relationships can be assessed rather than the lateral 
facies relationships between channelised sandbodies and subjacent deposits that 
can also be observed at outcrop. The style of avulsion cannot be determined for c. 
5% of the channelised sandbodies, due to the absence of core data over their bases. 
 
(1) 10% of the channelised fluvial sandbodies (FA1) contain stacked, vertically 
amalgamated stories (e.g. Fig. 5.12A, D). This vertical succession implies repeated 
reoccupation of the same site by an avulsing channel form, involving recurrent 
phases of channel abandonment and subaerial exposure (i.e. avulsion by 
annexation; Slingerland and Smith 2004). A previously abandoned channel acts as a 
partially infilled conduit for redirection during a later avulsion, or contains a more 
easily eroded lithology into which a newly avulsed channel can scour (e.g. Aslan and 
Blum 1999; Mohrig et al. 2000). 
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(2) 56% of the channelised fluvial sandbodies (FA1) cut into an upward-coarsening 
(e.g. Figs. 5.10A, 5.12A, C-D), upward-fining (e.g. Fig. 5.12A), or other succession 
(e.g. Figs. 5.11C, 5.12A) of crevasse-splay and/or levee deposits (FA3), or lagoonal 
deposits (FA4-6) that contain weakly to moderately developed palaeosols. This 
vertical succession implies gradual progradation of a fluvial channel into a 
topographically low part of a floodplain, as recorded by precursor crevasse splays or 
levees, prior to channel avulsion (i.e. avulsion by progradation; Mohrig et al. 2000), 
equivalent to a “stratigraphically transitional avulsion” (sensu Jones and Hajek 2007). 
 
(3) 29% of the channelised fluvial sandbodies (FA1) lie abruptly above aggradational 
floodplain fines (FA3) that contain palaeosols and coals, some of which are 
moderately to strongly developed (e.g. Figs. 5.11D, 5.12A, D). This vertical 
succession implies erosion and non-deposition prior to channel avulsion (i.e. 
avulsion by incision; Mohrig et al. 2000; Slingerland and Smith 2004), equivalent to 
“stratigraphically abrupt avulsion” (sensu Jones and Hajek 2007). 
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Figure 5.11 Core descriptions of upper coastal plain successions in Cycle 3 (Fig. 3) 
in wells A) 211/29-BA16, B) 211/29-2, C) 211/29-C06, and D) 211/29-3 respectively, 
showing facies successions, interpreted avulsion style and channelised sandbody 
distributions (Fig. 16) from south to north. Refer to Figure 8 for key to core 
descriptions. 
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Figure 5.12 Core descriptions of upper coastal plain successions in Cycle 2 (Fig. 4) 
in wells A) 211/29-BA16, B) 211/29-2, C) 211/29-C06, and D) 211/29-3 respectively, 
showing facies successions, interpreted avulsion style and channelised sandbody 
distributions (Fig. 16). Refer to Figure 8 for key to core descriptions. 
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Figure 5.12 continued 
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There is a greater proportion of channelised fluvial sandbodies (FA1) in cored wells 
near the southern limit of the Brent Field (211/29-2, 211/29-BA16 in Fig. 5.13A) and 
a correspondingly greater proportion of floodplain (FA2-3) and lagoonal deposits 
(FA4-6) in cored wells situated towards the northern limit of the field (211/29-2, 
211/29-C06 in Fig. 5.13A). However, there is relatively little variation in palaeosol 
type or stacking in cored wells near the southern and northern limits of the field (Fig. 
5.13B, C). There is an apparent palaeogeographic trend in the types of avulsion 
style, with avulsion by incision and avulsion by progradation being more common in 
the southern and northern parts of the field, respectively (Fig. 5.13D). However, data 
are sparse in the northern part of the field (Fig. 5.13D). 
 
From base to top of the Ness Formation there is an overall apparent decrease in the 
proportion of lower coastal plain facies associations (FA 4-6; Table 5.2) in the 
studied cores, and an associated increase in the proportion of upper coastal plain 
facies associations (FA 1-3; Table 5.2) (Fig. 5.13A). There is little apparent 
stratigraphic variation in the type of palaeosols (Fig. 5.13B), and histosols are 
abundant throughout. From base to top of the studied interval, the proportion of 
stacked, composite palaeosol profiles increases upwards as the proportion of single 
palaeosols decreases (Fig. 5.13C). An apparent stratigraphic trend in avulsion style 
is observed, with an upward increase in avulsion by incision, and a corresponding 
decrease in avulsion by progradation (Fig. 5.13D), although data are sparse at some 
stratigraphic levels.  
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Figure 5.13 (A-D) Comparison of cored successions from near the southern and 
northern limits of the Brent Field, for stratigraphic subdivisions of upper coastal plain 
strata in Cycle 3 (Fig. 5.3) and Cycle 2 (Fig. 5.4). Pie charts show the relative 
proportions of: A) each facies association, B) palaeosol type, C) palaeosol stacking, 
and D) interpreted avulsion style in the cores through each stratigraphic interval.  
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Figure 5.13 continued 
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Figure 5.13 continued 
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Figure 5.13 continued 
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5.8. Sandbody Dimensions 
 
Sixty four channelised fluvial sandbodies (FA1) are identified in the upper coastal 
plain strata of Cycles 2 and 3 of the Ness Formation (Figs. 5.3A, 5.4A, 5.5; Table 
5.1). The mean apparent width of channelised fluvial sandbodies over the entire 
dataset is 740 m (standard deviation of 630 m), and the mean thickness is 5 m 
(standard deviation of 2 m).  
 
Overall, channelised fluvial sandbodies in upper coastal plain strata of Cycle 3 
(mean apparent widths of 580 m; Fig. 5.14J) are narrower than in Cycle 2 (mean 
apparent widths of 780 m; Fig. 5.14F). Channelised sandbodies generally become 
wider in successively younger reservoir zones (mean apparent widths of 580, 670, 
and 830 m, respectively, in zones 3.2, 2.4, 2.1; Fig. 5.14J, I, G), except for reservoir 
zone 2.2 which contains the greatest value of mean apparent sandbody width (1330 
m; Fig. 5.14H). Reservoir zone 2.2 contains an unusually wide sandbody (2830 wide 
by 8 m thick; Fig. 5.5) in the northern part of the field, which distorts the statistical 
trends that are based only on a small number of data points. This sandbody has 
been interpreted previously as a trunk distributary channel (Livera 1989) or an 
incised valley fill (Hampson et al. 2004). Mean thickness values for upper-coastal-
plain channelised sandbodies in Cycles 2 and 3 and their associated stratigraphic 
subdivisions (reservoir zones 2.1-2.2 and 2.4) are similar (mean thicknesses of 5 m; 
Fig. 5.14A-E).  
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5.9. Sandbody Distributions 
 
The value of lacunarity in Cycle 2 (0.32) is lower than the value of lacunarity in Cycle 
3 (0.38), indicating greater spatial heterogeneity in sandbody distribution in the latter 
(cf. Fig. 5.6C). Values of lacunarity for each stratigraphic interval (reservoir zones 
3.2, 2.4, 2.2 and 2.1; Fig. 5.5) show a weak negative correlation with stratigraphic 
position (R2 = 0.12; black open circles in Fig. 5.15). The general upward decrease in 
lacunarity in upper coastal plain strata from base to top of the Ness Formation is 
associated with a weak upward increase in net-to-gross ratio (R2 = 0.13; grey filled 
circles in Fig. 15.5A), a moderate upward decrease in number of sandbodies per unit 
area (R2 = 0.61; green filled circles in Fig. 5.15B), and a moderate upward increase 
in apparent width of channelised fluvial sandbodies (R2 = 0.60; blue filled circles in 
Fig. 5.15C).  
 
Reservoir zones 2.1, 2.2, 2.4, and Cycle 2 (Fig. 5.5) display clustering of sandbody 
centroids over length scales that lie between c. 1.5 and 3.5 times the mean 
sandbody dimensions (Fig. 5.16; 5.17). Reservoir zone 3.2 (Fig. 5.5) displays a 
random distribution of sandbody centroids over length scales of up to c. 3.5 times the 
mean sandbody dimensions (Fig. 5.16; 5.17). Cycle 2, and reservoir zones 2.2 and 
3.2 (Fig. 5.5) display spatial regularity over length scales of up to c. 0.8 times the 
mean sandbody width (Fig. 5.16; 5.17). Thus, randomly distributed and clustered 
patterns of sandbody centroids appear to be dominant, and there is no strong 
variation with stratigraphic position. 
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Figure 5.14 
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Figure 5.14 Graphs illustrating the A-E) thicknesses and F-J) apparent widths of 
channelised fluvial sandbodies in stratigraphic subdivisions of the Ness Formation 
(Panels A-E in Fig. 5.5): A, B) Cycle 2, C, D) reservoir zone 2.1, E, F) reservoir zone 
2.2, G, H) reservoir zone 2.4, and I, J) reservoir zone 3.2. The number of 
channelised fluvial sandbodies (n), their mean apparent width and mean thickness, 
and values of standard deviation (S.D.) for apparent sandbody width and thickness 
are listed in the top right of each graph. Black, white and grey bars represent 
channelised fluvial sandbodies that intersect panels that are oriented at N175, N014 
and N019, respectively. 
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Figure 5.15 Cross plots of (A-F) lacunarity, (A) net-to-gross ratio, (B) number of 
sandbodies per unit area, (C) mean apparent sandbody width, (D) proportion of 
palaeosol type, (E) palaeosol stacking, and (F) avulsion style against stratigraphic 
subdivisions of upper coastal plain strata in the Ness Formation (reservoir zones 3.2, 
2.1, 2.2, and 2.4 in Fig. 5.5). Best-fit linear-regression lines are shown for weak (R2 < 
0.5), and moderate (0.5 < R2 < 0.7) correlations. 
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Figure 5.16 Plot of lacunarity versus inhomogeneity in spatial positioning of 
sandbody centroids (cf. Fig. 5.6C) for stratigraphic subdivisions of upper coastal 
plain strata in the Ness Formation (Cycles 2 and 3, and reservoir zones 3.2, 2.1, 2.2, 
and 2.4 in Fig. 5.5). Grey bars represent the spatial extent of data for panels of each 
stratigraphic interval, and superimposed coloured bars show the length scales of 
sandbody-centroid clustering or regular spacing. Length scales not represented by 
coloured portions of the grey bars correspond to random spacing of sandbody 
centroids. Length scales of L function results are expressed as multiples of mean 
apparent sandbody dimensions. Lacunarity is dimensionless. 
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Spatial patterns of channelised sandbody distribution are more apparent when large 
stratigraphic intervals (e.g. Cycles 2 and 3 of Livera 1989) are broken down into 
stratigraphic subdivisions (e.g. reservoir zones 3.2, 2.4, 2.2, 2.1) (Fig. 5.13). A 
similar trend is noted in outcrop datasets of comparable length scale, in which the 
stratigraphic subdivisions are related to variations in allogenic controls such as 
tectonic subsidence rate and distance from the coeval shoreline (e.g. Flood and 
Hampson 2015). A positive correlation between lacunarity values and sandbodies 
per unit area, and negative correlations between lacunarity values and net-to-gross 
ratio, and between lacunarity values and apparent sandbody width (Fig. 5.15) are 
also noted in these outcrop datasets (Flood and Hampson 2015). 
 
5.10. Synthesis and Discussion 
 
5.10.1. Relationship between avulsion style, sandbody dimensions and 
sandbody distribution 
 
The upward decease in lacunarity (Fig. 5.15A) and upward increase in clustering is 
over relatively large length scales (Fig. 5.16) from base to top of the studied interval 
associated with: (1) an upward increase in mean apparent sandbody width (Fig. 
5.14G, H, I, J); (2) a gradual increase in the proportion of channelised sandbodies 
that display evidence of avulsion by incision and a corresponding decrease in the 
proportion of sandbodies that record avulsion by progradation (Fig. 5.15F); and (3) 
an upward increase in the proportion of composite, stacked palaeosols and a 
corresponding upward decrease in the proportion of single palaeosols (Fig. 5.15E). 
In combination, these trends suggest an upward decrease in sediment accumulation  
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Figure 5.17 
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Figure 5.17 Graphs of L function for sandbody centroids in upper coastal plain strata 
of the Ness formation for A) Cycle 2 (Fig. 5.5), and B-E) for each stratigraphic 
subdivision (reservoir zones 3.2, 2.1, 2.2, 2.4 in Fig. 5.5), positioned to illustrate 
variability from base to top of the study area. Randomly distributed centroids plot in 
the envelope defined by Monte Carlo simulations (grey). Clustered and regularly 
spaced sandbody centroids plot beneath and above the Monte-Carlo envelope 
(grey), respectively. 
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rate, which may be due to a decreasing rate of accommodation creation, and/or a 
decrease in avulsion frequency (cf. Allen 1978; Bridge and Leeder 1979; Kraus and 
Bown 1993; Holbrook 1996; Flood and Hampson 2015). The general upward 
increase in mean apparent sandbody width in upper coastal plain strata of the Ness 
Formation (Fig. 5.14G, H, I, J) reflects a greater degree of lateral channel migration 
and/or widening of channel-belts in this context (cf. Helland-Hansen et al. 1992; 
Wright and Marriott 1993; Ryseth 2000), an increase in the supply of coarse-grained 
sediment (cf. Törnqvist 1994), and/or an upward decrease in subsidence rate and 
differential compaction (cf. Allen 1978; Livera 1989; Mitchener et al. 1992; Ryseth 
2000; Hampson et al. 2004). An upward increase in the proportion of upper coastal 
plain facies associations, composite palaeosols and avulsion by incision record a 
greater degree of erosion, potentially due to decreasing tectonic subsidence rate that 
forced overall progradation of the fluvial system and/or increasing distance from the 
coeval shoreline (40-70 km, after Figure 9C of Mitchener et al. 1992). The 
occurrence of histosols throughout the studied interval suggests that the water table 
remained sufficiently high during deposition to enable development of mires. During 
the deposition of the Ness Formation, sediment supply generally outpaced 
differential tectonic subsidence rate which caused the delta front to move basinwards 
(Hampson et al. 2004; Went et al. 2013). Subsidence rate increased between Cycles 
2 and 3 of the Ness Formation, following the onset of initial base level rise and 
progradation of the Brent Delta (Johnson and Stewart 1985). An increase in 
subsidence rate and fault activity during the Late Aalenian–Early Bajocian has been 
related to the onset of the Jurassic rift phase (Ravnås et al. 1997; Folkestad et al. 
2014) 
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Clustering of channelised sandbodies in the upper Ness Formation (reservoir zones 
2.1, 2.2, and 2.4) and the upward increase in channelised sandbody width (Fig. 
5.15C) can both be attributed to increased proximity to the upstream avulsion node 
of a major trunk channel (cf. Mackey and Bridge 1995; Karssenberg and Bridge 
2008; Flood and Hampson 2015). Reservoir zones 2.1 and 2.2 are interpreted to 
record the most proximal part of the studied succession, and contain several laterally 
extensive multistorey channel-belt sandbodies that have been previously interpreted 
to overlie a sequence boundary (SB600 of Hampson et al. 2004; Fig. 5.4). Thus, 
potential avulsion-generated architectures can potentially be linked with sequence 
stratigraphic interpretations, such that stratigraphic architecture in the studied 
interval may be dominated by avulsion-generated clusters of channelised 
sandbodies that were modulated by high-frequency cycles of base-level rise and fall. 
 
5.10.2. Implications for reservoir characterisation and modelling  
 
In Cycles 2 and 3 of the Ness Formation in the Brent Field reservoir, pressure data 
indicates the presence of hydraulically isolated sandstones (flow units) that are 
separated by laterally extensive shales (Johnson and Stewart 1985; Livera 1989; 
Bryant et al. 1991; James et al. 1999). The vertical communication of channelised 
fluvial sandbodies in reservoir zones 3.3-3.1 (Fig. 5.3) is relatively poor (Taylor et al. 
2003). These reservoir zones are associated with field-wide lagoonal shales in lower 
coastal plain strata (reservoir zones 3.1, 3.3) (Livera 1989), a higher proportion of 
avulsions generated by progradation in lower coastal plain strata (Fig. 5.13D), and 
contain randomly distributed channelised sandbodies (Fig. 5.16). Pressure data in 
Cycle 3 of the Ness Formation varies between 5410-5600 PSI (cf. Bryant et al. 
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1991). Channelised sandbodies are better connected in parts of reservoir zones 2.1-
2.4 (Fig. 5.4) (Bryant et al. 1991). In these zones, channelised sandbodies in the 
southern part of the Brent Field display better vertical communication than in the 
northern part of the field (Taylor et al. 2003), and also less rapid and more uniform 
pressure depletion (5480-5520 PSI; cf. Bryant et al. 1991). Cycle 2 is associated with 
a higher proportion of avulsions generated by incision, and generally contains 
relatively large, randomly spaced and clustered sandbodies (Fig. 5.16). 
 
Based on facies analysis and palaeosol characterisation of the four studied cored 
wells in the Brent Field (Figs. 5.7-5.10), it is possible to interpret vertical changes in 
avulsion style and thereby vertical changes in channelised sandbody dimensions 
and spatial distributions. However, it is not possible to accurately predict the 
positions of individual channelised fluvial sandbodies or clusters of such sandbodies 
(cf. Villamizar et al. 2015). Thus, uncertainty in the precise positions of sandbodies 
needs to be incorporated into reservoir modelling efforts, even though appropriate 
patterns of sandbody distribution may be interpreted from sparse core data during 
the early stages of field development. This will likely require simulation of stochastic 
variability in sandbody positions within the context of a “template” of their spatial 
distribution for a given avulsion style. 
 
5.11. Conclusions 
 
The late Bajocian Ness Formation constitutes an alluvial-to-coastal plain succession 
situated in the Brent Field, UK North Sea. This study has characterised and 
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interpreted the distribution of channelised sandbodies in upper coastal plain strata of 
the reservoir (reservoir zones 3.2, 2.1-2.4). 
 
Facies analysis of cored wells indicate that upper coastal plain deposits comprise 
three facies associations: (FA1) channelised fluvial sandbodies, (FA2) non-
channelised fluvial sandbodies, and (FA3) non-channelised floodplain fines. 
Palaeosols comprise poorly-to-strongly developed entisols, inceptisols, and histosols 
which are associated with single, compound (overprinted), and composite (stacked) 
palaeosol profiles. Three styles of avulsion are identified on the basis of vertical 
facies relationships in cored wells. Avulsion by annexation is represented by 
vertically stacked (i.e. multistorey) channelised fluvial sandbodies, and records re-
occupation of previously abandoned palaeochannels. Avulsion by progradation is 
represented by a channelised fluvial sandbody that directly overlies non-channelised 
fluvial sandbodies deposited by crevasse splays and levees as a precursor to 
avulsion. Avulsion by incision is characterised by a channelised fluvial sandbody that 
directly overlies non-channelised floodplain fines, indicating channel erosion into a 
relatively distal area of the floodplain. Spatial statistical measures (Besag’s L 
function, lacunarity) applied to facies-architectural interpretations of well correlation 
panels indicate that the dominant patterns of sandbody distribution are random and 
clustered, the latter over a range of length scales (x1.5 - x3.5 mean sandbody 
dimensions).  
 
From base to top of the studied upper coastal plain strata, there is: (1) an upward 
increase in net-to-gross ratio; (2) an upward increase in mean apparent sandbody 
width; (3) an upward decrease in the range of sizes and positions of gaps between 
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channelised fluvial sandbody (i.e. an upward decrease in lacunarity); (4) an upward 
decrease in the total number of sandbodies per unit area; (5) an upward increase in 
the proportion of channelised fluvial sandbodies that display an incisional style of 
avulsion; and (6) an upward increase in the proportion of composite palaeosol 
profiles. This combination of trends is attributed to a progressively decreasing 
tectonic subsidence rate, a progressively increasing distance from the coeval 
shoreline, and/or a decrease in avulsion frequency through time. More specifically, 
sandbody distribution patterns and associated stratigraphic architectures can be 
attributed to autogenic avulsion downstream of a major avulsion node, perhaps 
modulated by base-level fluctuations that have been interpreted previously in the 
context of sequence stratigraphic frameworks. 
 
These avulsion-generated patterns of sandbody distribution influence sandbody 
connectivity and pressure communication within the Brent Field reservoir. There is 
limited vertical communication between channelised fluvial sandbodies in reservoir 
zones 3.1-3.3 due to the presence of field-wide lagoonal shales and thick floodplain 
intervals, the latter consistent with avulsion by progradation. In comparison, reservoir 
zones 2.1-2.4 display better vertical communication and slower, more uniform 
pressure depletion, consistent with increased sandbody connectivity due to a higher 
proportion of avulsions generated by channel incision. 
 
5.12. Acknowledgements 
 
The authors thank the Department of Earth Science and Engineering, Imperial 
College London for support of YSF via a Janet Watson PhD Scholarship, and 
Page 288 
 
 Chapter 5. 
Chevron Energy Technology Company for additional support. We thank the British 
Geological Survey for access to cores. Image J and FracLac were used for 
lacunarity analysis, and PASSaGe v2 to apply Besag’s L function. We acknowledge 
Wayne Rasband for developing ImageJ (Research Services Branch, National 
Institute of Mental Health, USA), Audrey Karperien for creating the FracLac plugin for 
ImageJ (Charles Sturt University, Australia), and Michael Rosenberg and Corey 
Anderson for developing PASSaGE 2 (Arizona State University, USA). We 
appreciate the authors making the software readily available for public use. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Page 289 
 
  Chapter 6. 
CHAPTER 6: DISCUSSION AND CONCLUSIONS 
 
This Chapter reconsiders the research questions presented in Chapter 1 by 
summarising and integrating the key findings of Chapters 3 to 5. The discussion 
compares the spatial and temporal evolutions of the Blackhawk Formation and the 
Ness Formation and documents whether such analogues can be compared to 
existing models of fluvial sequence stratigraphy. Recommendations for future work 
and conclusions are provided towards the end of this Chapter. 
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CHAPTER 6 
Discussion and Conclusions 
 
Chapters 3, 4, and 5 have addressed the aims of this thesis through detailed 
documentation of the fluvial sedimentology and stratigraphy of the Blackhawk 
Formation and the Ness Formation. Answers to the aims outlined in Chapter 1 
provide a framework for a synthesis of the key findings. Here, recommendations for 
future work are suggested and a series of general conclusions are formulated. 
 
6.1. Responses to Key Aims Posed 
6.1.1. Aim 1 
 
Define the sedimentological and stratigraphic evolution of the Blackhawk and Ness 
Formations to determine what processes control fluvial stratigraphic architecture. 
 
The analysis of lithofacies and palaeosol variations within the Blackhawk and Ness 
formations has helped understanding of the controls on depositional architecture. 
Analysis of representative measured sections and cliff-face panels in the Blackhawk 
Formation (Chapter 3) identified 14 lithofacies, which are grouped into four facies 
associations, related to alluvial to coastal plain strata within a net-progradational 
wave-dominated delta. In comparison, measured sections from selected cores within 
the Ness Formation (Chapter 5) revealed 12 lithofacies, which are grouped into six 
facies associations that represent alluvial to coastal plain strata deposited during a 
major regressive-transgressive cycle of a wave-dominated delta. Both formations 
comprise channelised fluvial sandbodies, non-channelised overbank sandbodies, 
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aggradational floodplain fines, and lagoonal sandstones, siltstones, and mudstones. 
The mean proportion of channelised fluvial sandbodies is 34% in the Blackhawk 
Formation (varying between 18% and 55% across each cliff-face panel) (Figs. 3.11, 
3.12), and 29% in the Ness Formation (varying between 9% and 48% across each 
core) (Figs. 5.11, 5.12). Up to 28% of facies in the Blackhawk Formation (Figs. 3.11, 
3.12), and 29% in the Ness Formation (Figs. 5.11, 5.12) comprise non-channelised 
fluvial sandbodies, associated with proximal to distal crevasse splay and levee 
deposits. Such deposits may be considered as net reservoir in the subsurface, and 
thus aid reservoir connectivity (Pranter et al. 2013).  
 
The net sediment accumulation rate for the Blackhawk Formation is c. 63 m/Myr 
(250 m thick succession, <4 Myr duration; Flood and Hampson 2014). In 
comparison, the Ness Formation comprises a net sediment accumulation rate of c. 
72 m/Myr (180 m thick succession, <2.5 Myr duration; Fjellanger et al. 1996; 
Johnson et al. 2005). Analysis of palaeosols from selected measured sections and 
cores reveals three types of palaeosol (entisols, inceptisols and histosols) which are 
stacked into single, compound (overprinted), and composite (stacked) profiles. 95 % 
of palaeosols in the Blackhawk Formation are very weakly to moderately developed, 
suggesting that there was insufficient time between sedimentation for thick 
compound profiles to accumulate. The results from Chapter 3 of this thesis indicate 
that deposition of the Blackhawk Formation was associated with frequent episodes 
of overbank flooding and rapid sediment accumulation rates (63 m/Myr). In 
comparison, 79% of palaeosols in the Ness Formation are moderately developed 
(maturity stages 2-4 of Bown and Kraus 1987), and the prevalence of stacked 
composite (68 % of profiles) and compound (11 % of profiles) profiles indicates 
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relatively sustained periods of non-deposition (cf. Kraus and Bown 1993). The 
occurrence of histosols throughout both formations suggests that the water table 
remained sufficiently high during deposition to sustain floodplain mires. The 
difference in palaeosol maturity between the two formations may have resulted from 
more episodic or punctuated deposition in the Ness Formation and due to the 
proximity of the palaeosol to the parent channel (cf. Kraus 1996; Kraus and Wells 
1999).  
 
Three styles of avulsion are identified within the Blackhawk and Ness formations on 
the basis of vertical facies relationships: avulsion by annexation; avulsion by 
progradation; and avulsion by incision (cf. Slingerland and Smith 2004). A 
progradational style of channel avulsion is associated with a series of upward 
coarsening non-channelised sandstones and siltstones that represent a stratigraphic 
transition into an overlying channel deposit. Avulsion by annexation consists of 
abandoned or partially active channels that act as ready-made conduits to redirect 
part or all of the flow away from the main channel into other parts of the floodplain 
(Slingerland and Smith 2004). Avulsion by incision is associated with an avulsion 
channel which cuts stratigraphically abruptly into fine-grained floodplain fines (Mohrig 
et al. 2000). In the Blackhawk Formation, avulsion by annexation (29 % of avulsion 
occurrences) and progradation (26 % of avulsion occurrences) are most common 
(Fig. 3.13), whereas in the Ness Formation avulsion by progradation (56% of 
avulsion occurrences) is the most prevalent (Fig. 5.13D). 
 
The relative type and proportion of lithofacies, palaeosols, and avulsion style in both 
formations is highly variable but bears little relationship to changes in sediment 
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accumulation rate (associated with inferred variations in tectonic subsidence rate, 
distance from the coeval shoreline, and avulsion frequency). The relative proportions 
of lithofacies associations, palaeosol types, and avulsion styles lack consistent 
trends with stratigraphic interval and paleogeographic location in the Blackhawk 
Formation, suggesting that autogenic behaviours were the dominant control on 
stratigraphic architecture and patterns of sandbody distribution. The Ness Formation 
is associated with an upward increase in the proportion of channelised fluvial 
sandbodies that display an incisional style of avulsion, and an upward increase in the 
proportion of composite palaeosol profiles. Such trends reflect an upward decrease 
in sediment accumulation rate, which may be associated with a decreasing rate of 
accommodation creation, and/or a decrease in avulsion frequency (cf. Allen 1978; 
Bridge and Leeder 1979; Kraus and Bown 1993; Holbrook 1996). Results from 
lithofacies and palaeosol analysis indicate that it is possible to interpret localised 
vertical changes in avulsion style and palaeosol character which reflect distinct 
avulsion-generated channelised sandbody distributions; however such styles do not 
correlate over regional scales. This study contradicts the work of Jones and Hajek 
(2007) which suggests that fluvial basin fills are dominated by one particular type of 
avulsion style.  
 
Uncertainty exists when using 1D and 2D datasets for studies of fluvial reservoir 
character and modelling, due to the inaccuracy of, or limited amount of available 
data (Martinius and Naess 2005; Howell et al. 2014). Although core data from the 
Ness Formation provide some understanding of fluvial style and depositional 
architecture, they may not be representative of the stratigraphic interval as a whole, 
because only a limited number of 1D wells separated by distances of up to 9 km 
Page 294 
 
  Chapter 6. 
were used (Figs. 5.3, 5.4), and lateral variations in lithofacies and palaeosol 
character cannot be accurately determined (cf. Lunt et al. 2004; Miall 2014). 
Furthermore, due to the low density of wells (4 wells, Figs. 5.3, 5.4) used within this 
study, it was impossible to determine whether a particular vertical section related to a 
single channel-fill storey, or whether it was connected to multiple channel and bar 
deposits laterally and vertically within a multilateral and/or multi-storey body (Miall 
2014). Although there are a number of problems associated with using core data, the 
results from this study can be calibrated against wireline log responses (e.g. Bryant 
et al. 1991; Abbotts and Van Kuijk 1997; James et al. 1999) and may be linked to 
sequence stratigraphic interpretations that provide appropriate context (e.g. Helland-
Hansen et al. 1992; Mitchener et al. 1992; Fjellanger et al. 1996; Hampson et al. 
2004). 
 
The characterisation of fluvial reservoir outcrop analogues is often based on 1D and 
2D data (measured sections, cliff-face panels), but such data may be of limited value 
without the context of appropriate 3D data (Bridge and Tye 2000). There are also 
problems associated with channel bodies that extend beyond the lateral limits of an 
outcrop area (Geehan and Underwood 1993; Visser and Chessa 2000; White and 
Willis 2000). The 3D modelling of channelised fluvial sandbodies is often made 
easier when a series of cliff-face panels have different orientations within the outcrop 
area (e.g. Cuevas Gozalo and Martinius 1993; Enge and Howell 2010; Hodgetts 
2013; Howell et al. 2014). The Blackhawk Formation outcrop dataset (consisting of 
2D cliff-face panels; Fig. 4.3) is of large enough scale (panel sizes: >180 m thick by 
>7.5 km wide; Table 4.1) to compare against reservoir analogues because a typical 
field is between 2 and 20 km in area (Howell et al. 2015). However these cliff-face 
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panels are all oriented at similar angles (N010-N050; Table 4.1), such that the 3D 
geometry of channelised fluvial sandbodies cannot be easily defined and applied to 
reservoir modelling studies. Measured section data from representative road side 
cuttings of the Blackhawk Formation are separated laterally by distances of up to 57 
km, and vertically by distances of up to 60 m (Fig. 3.2). Due to the problems outlined 
above, and the spatial variability in avulsion style, it must be noted that the facies 
and palaeosol proportions taken from the Blackhawk and Ness formations (outlined 
in Chapters 3-5) may not accurately represent each depositional system as a whole. 
 
6.1.2. Aim 2 
 
Characterise the spatial distribution patterns of channelised fluvial sandbodies to 
understand the controls on sandbody stacking in fluvial stratigraphy.  
 
Apparent width and thickness measurements of channel-belt sandbodies have been 
recorded in the Blackhawk and Ness formations (Figs. 4.7, 4.8, 5.14). The mean 
apparent width of channelised fluvial sandbodies broadly increases from base to top 
of the Blackhawk Formation (350 m - 420 m; Fig. 4.8) and a similar trend is observed 
in the Ness Formation (580 m - 1330 m; Fig. 5.14). An upward increase in mean 
apparent sandbody width is observed within each case study area, and is associated 
with an upward increase in net-to-gross ratio (Figs. 4.9B, 5.15A) and decrease in the 
total number of sandbodies per unit area (Figs. 4.9C, 5.15B). These trends are 
interpreted to reflect an upward increase in lateral channel migration and/ or 
widening of channel belts (cf. Helland-Hansen et al. 1992; Wright and Marriott 1993; 
Ryseth 2000), an increase in the supply of coarse-grained sediment (cf. Törnqvist 
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1994), and/or an upward decrease in subsidence rate and differential compaction (cf. 
Allen 1978; Livera 1989; Mitchener et al. 1992; Ryseth 2000; Hampson et al. 2004). 
 
From base to top of the Blackhawk and Ness formations, spatial statistical results 
display an upward decrease in lacunarity, indicating a reduced variance of gap sizes 
and spacing, and a greater degree of homogeneity as the proportion of channelised 
sandbodies and apparent sandbody width increases. Regular spacing of centroids is 
weakly apparent in the alluvial plain and upper coastal plain strata of the Upper 
Blackhawk Formation (Figs. 4.12, 6.1), and in reservoir zones 2.2 and 3.2 of the 
Ness Formation (Figs. 5.17, 6.1). In the lower coastal plain strata of the lower 
Blackhawk Formation (Figs. 4.12, 6.1), and reservoir zones 2.1, 2.2, and 2.4 of the 
Ness Formation (Figs. 5.17, 6.1) localised clustering of sandbody centroids is 
observed (Figs. 4.12, 6.1). Randomly distributed and clustered patterns of sandbody 
centroids appear to be dominant throughout both formations however there is no 
strong variation with palaeogeographic location. Comparison with generic numerical 
modelling studies suggests spatial distribution patterns of the Blackhawk and Ness 
formations can be attributed to avulsion of deltaic distributary channels in locations 
downstream of long-lived avulsion nodes, which may also have been modified by 
variations in relative sea level and by compensational stacking of sandbodies (cf. 
Mackey and Bridge 1995; Karssenberg and Bridge 2008). 
 
The work presented in this thesis demonstrates that the spatial statistical tools of 
lacunarity (Plotnick et al 1996), Ripleys K function (Ripley 2004), and Besag’s L 
function (Besag 1977) can be readily applied to cliff-face panels to improve 
quantification and classification of stratigraphic architecture, and to enable 
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comparison of spatial distribution patterns between different datasets (Hajek et al. 
2010; Wang et al. 2011; Hajek and Wolinsky 2012; Pyrcz and Deutsch 2014; Pisel et 
al. 2015). Such spatial statistical tools allow the degree of regularity, randomness, 
and clustering of sandbodies within a succession to be determined. Currently, these 
methods only provide quantitative descriptions of the spatial distribution of 
channelised fluvial strata from 2D panels; however, as such spatial statistical 
methods become more widely used and are modified for use in subsurface reservoir 
datasets, they could be integrated into conventional reservoir models (e.g. Pyrcz and 
Deutsch 2014). 
 
A recent study used a series of object-based stochastic reservoir models to 
investigate how sensitive the results from these spatial statistical methods are to the 
3D variability associated with channelised sandbody distribution and stacking in the 
Blackhawk Formation (Villamizar et al. 2015). The results from this study suggest 
that spatial statistical patterns observed in 2D outcrop cross-sections can only be 
reproduced partially in 3D models in the absence of unrealistically small well 
spacings. Measurements from stochastic model realizations suggest that lacunarity 
is dependent on net-to-gross ratio, the number of sandbodies per unit area, and the 
range of sandbody orientations, because sandbodies that are oriented at different 
angles are more likely to intersect each other more frequently (Larue and Hovadik 
2006). The results from this study (Villamizar et al. 2015) are in line with those of the 
Blackhawk Formation and Ness Formation case studies presented in this thesis 
(Figs. 4.9, 5.15). In comparison, measurements of Ripley’s K function from the same 
stochastic model realisations only partially reproduces the results presented for the 
Blackhawk Formation in Chapter 4 of this thesis. Villamizar and others (2015) 
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suggest this effect is due to the low density of conditioning well data within their 
model. Future work should focus on how readily the geostatistical results from the 
2D cross-sections of the Ness Formation and Blackhawk Formation can be readily 
applied to 3D models. 
 
 
Figure 6.1 Plot of lacunarity versus inhomogeneity in spatial positioning of sandbody 
centroids (cf. Fig. 5.6C) for stratigraphic subdivisions of upper coastal plain strata in 
the Blackhawk Formation (Fig. 4.5) and the Ness Formation (Fig 5.5). Grey bars 
represent the spatial extent of data for panels of each stratigraphic interval, and 
superimposed coloured bars show the length scales of sandbody-centroid clustering 
or regular spacing. Length scales not represented by coloured portions of the grey 
bars correspond to random spacing of sandbody centroids. Length scales of L 
function results are expressed as multiples of mean apparent sandbody dimensions. 
Lacunarity is dimensionless. 
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6.1.3. Aim 3 
 
How should models of fluvial stratigraphy be modified in order to account for 
autogenic clustering or compensational stacking? 
 
Sequence stratigraphy was originally developed to subdivide and predict the 
distribution of shallow marine and deep marine deposits into chronostratigraphic 
units of different scale, based on variations in sediment supply and rate of change in 
accommodation space (e.g. Posamentier et al. 1988; Posamentier and Vail 1988; 
Van Wagoner et al. 1988; Wright and Marriott 1993; Shanley and McCabe 1994; 
Aitken and Flint 1995; McCarthy and Plint 1998). However, sequence stratigraphic 
correlation becomes more complex in fluvial strata where the effects of relative sea-
level are diminished, and the influence of climatic and tectonic controls increases 
(Schumm 1993; Shanley and McCabe 1994). Variability in accommodation space at 
the shoreline may impact fluvial stratigraphic architecture, however the extent over 
which a relative sea-level signal can be transmitted upstream still remains uncertain 
(e.g. 10s to 100s of kilometres; Shanley and McCabe 1994; North 1996; Blum and 
Törnqvist 2000). Sequence stratigraphic models typically assume that rivers incise 
into alluvial to coastal plain strata during periods of relative sea level fall (i.e., FSST 
to LST) due to an increase in channel gradient (Fig 6.2) (e.g. Plint and Nummedal 
2000). Base level is a hypothetical line which refers to a level above which subaerial 
erosion occurs and below which deposition takes place (Davis 1902). In fluvial 
systems the base level may be marked by the level of floodplain lakes or the water 
table (Shanley and McCabe 1994; Catuneanu 2002).  
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Allogenic mechanisms such as climatic, tectonic and eustatic perturbations can 
affect the natural equilibrium of the fluvial system (position, elevation, slope angle), 
by varying sediment supply, uplift and subsidence rate and patterns across the 
basin, and the elevation of the river mouth. These factors result in the river systems 
having to consistently adjust their type, geometry and associated processes (e.g. 
migration) in order to compensate for such changes (Mackin 1948; Posamentier and 
Vail 1988; Van Wagoner et al. 1988; Shanley and McCabe 1994). In general, models 
of fluvial stratigraphic architecture predict that during periods of low accommodation 
(LST, late HST), channelised sandbodies become amalgamated, and during periods 
of high accommodation (TST) such sandbodies become isolated and surrounded by 
widespread floodplain deposits (Rhee 2006). Falling relative sea level (FSST; Fig. 
6.3A) generally creates a steepening of the fluvial gradient, which results in an 
increase in erosion and sediment supply over time (Leopold and Wolman 1957; 
Wright and Marriott 1993). The lowstand systems tract (LST; Fig. 6.3B) is positioned 
on top of well-drained floodplain terraces which develop above a sequence 
boundary, associated with fluvial incision and palaeovalley formation (Wright and 
Marriot 1993).   
 
Highly-connected, coarse-grained, braided fluvial channels later fill the incised valley 
following the initiation of base level rise. On the onset of marine transgression (TST; 
Fig. 6.3C), fluvial deposits record a rise in base level which leads to an increase in 
accommodation space and frequency of floodplain flooding intervals (Van Wagoner 
et al. 1988). These effects result in vertical sandbody amalgamation, and the 
development of tidally influenced channel deposits (Wright and Marriott 1993). Over 
time, the rate of sea-level rise gradually decreases to zero, resulting in a decrease in 
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accommodation space (HST; Fig. 6.3D). As a result, sandbodies gradually become 
more sinuous and widespread due to lateral accretion (meander migration) and by 
reworking of pre-existing strata (Wright and Marriott 1993). The effect of base level 
on avulsion style and variability was not discussed in these early models, however 
the work of Wright and Marriot (1993) suggests rapid relative sea level rise (e.g. in 
TST) may promote more frequent avulsion. 
 
 
 
Figure 6.2 Diagram to show the geometry, systems tracts, and distribution of facies 
within an unconformity-bounded depositional sequence deposited in a basin with a 
shelf break. Shallow marine parasequences stack into prograding, retrograding, and 
aggrading sets to form systems tracts (after Van Wagoner et al. 1988; Mitchum and 
Van Wagoner 1991). 
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Figure 6.3 Schematic diagrams to illustrate how fluvial architecture varies with base 
level. A) Falling stage systems tract associated with base level fall, fluvial incision, 
and terrace formation. B) Lowstand systems tract, slow rates of base level fall 
followed by slowly rising base level results in deposition of amalgamated channel 
fills. C) Early transgressive system tract resulting from increased base level rise 
leads to the deposition of tidally-influenced fluvial deposits. D) Highstand systems 
tract generated by reduced rates of base-level rise creates isolated and highly 
sinuous fluvial deposits (modified from Shanley and McCabe 1994).  
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6.1.3.1. The Blackhawk Formation  
 
The sequence stratigraphy of the Blackhawk Formation in the Book Cliffs (Utah, 
USA) has been extensively studied by numerous authors (e.g. Kamona and Van 
Wagoner 1995; Taylor and Lovell 1995; Van Wagoner 1995; Yoshida et al. 1998; 
Hampson and Howell 2005; Hampson 2010; Hampson et al. 2011; Gani et al. 2015). 
The Blackhawk Formation is interpreted to record a 3rd-order (c. 2.0-3.0 Myr 
duration) highstand systems tract, which is truncated by a 3rd-order sequence 
boundary at the base of the Castlegate Sandstone (Yoshida 2000; Hampson et al. 
2012; 2013). Regionally extensive coal zones situated within this highstand systems 
tract reflect higher frequency, 4th-order (c. 0.2-1.0 Myr duration) sequences 
(Seymour and Fielding 2013) which result from smaller-scale sea-level and/or 
climate variations that may potentially reflect Milankovitch cyclicity (Ryer 1983; Van 
Wagoner 1995; Yoshida 2000; Howell and Flint 2003; Hampson et al. 2013; Gani et 
al. 2015). Correlation of localised incised valley fills, located towards the base of the 
Blackhawk Formation is difficult to achieve due to the absence of mature and 
laterally extensive palaeosol horizons within the strata (Gani et al. 2015). 
 
6.1.3.2. The Ness Formation 
 
A combination of core and wireline-log data and a biostratigraphic framework have 
enabled identification of correlatable maximum flooding surfaces and sequence 
boundaries within a sequence stratigraphic framework for the Ness Formation (Figs. 
5.11, 5.12). The Ness Formation contains a number of extensive field-wide shales 
that are associated with lagoonal flooding (e.g. Mid Ness Shale, reservoir unit 2.5; 
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Fig 5.4). Such layers define pressure breaks within the Ness Formation in many 
fields, and separate different reservoir zones (Figs. 5.3, 5.4) (Johnson and Stewart 
1985; Hampson et al. 2004). Previous sequence stratigraphic schemes (Fjellanger et 
al. 1996; Hampson et al. 2004) have interpreted a sequence boundary at the basal 
contact of reservoir unit 3.2 of the lower Ness Formation in the Brent Field (SB350; 
cf. Fig. 5.11), and a regionally extensive flooding surface towards the top of the 
reservoir unit (FS350; cf. Fig. 5.11). The upper Ness Formation in the Brent Field 
comprises two sequence boundaries which are situated between each upper coastal 
plain reservoir unit (SB550 and SB600; Fig. 5.12), and one flooding surface which is 
located at the boundary between the lower and upper coastal plain deposits (FS500; 
Fig. 5.12). Sediment supply has been interpreted to be steady and consistent during 
the deposition of the Ness Formation, associated with sustained uplift and erosion of 
Triassic to early Jurassic rocks in the Central North Sea (Underhill and Partington 
1993). Within the context of the regional stratigraphic surfaces outlined above, local 
variations in stratigraphic architecture within the Brent Field, or any other particular 
field, may reflect variations in local erosion and aggradation rate (e.g. Went et al. 
2013).  
 
6.1.3.3. Limitations of sequence stratigraphy and its relationship to spatial 
distribution patterns and avulsion style.  
 
Various studies have applied the concept of sequence stratigraphy, and associated 
allogenically driven variability in base level or accommodation rate, to fluvial 
successions (e.g. Wright and Marriot 1993; Shanley and McCabe 1994; Olsen et al 
1995; Van Wagoner 1995; Ethridge et al. 1998), however there has been little 
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emphasis on the autogenic controls (e.g. channel clustering) on fluvial stratigraphic 
architecture. As a result, existing models of fluvial sequence stratigraphy are often 
too simple, and recent studies question whether such sequence stratigraphic models 
should be applied to fluvial successions due to the complex responses of a fluvial 
system to allogenic and autogenic controls (Holbrook et al. 2006; Neal and Abreu 
2009; Blum et al. 2013). For example, many workers (e.g. Zaitlin et al. 1994; Willis 
1997; Holbrook et al. 2006) have questioned the applicability of Shanley and 
McCabe’s (1994) fluvial sequence stratigraphy model (Fig 6.3), because this model 
relates the LST with amalgamated channel-belts overlying a sequence boundary. 
Workers have also questioned the positioning of the MFS above an incised valley-fill 
in this model (Willis 1997; Shanley and McCabe 1994). Other studies alternatively 
interpret the incised valley fill to represent early TST deposition (Zaitlin et al. 1994).  
 
Models of fluvial sequence stratigraphy should be modified in order to account for 
the effects of accommodation and sediment supply on autogenic processes such as 
avulsion, and not rely solely on variations in base level (Muto et al. 2007). In the 
lower Blackhawk Formation, downstream of delta-apex avulsion nodes, the 
stratigraphic intervals are bound by major, regionally extensive coal zones which 
correspond to parasequence-bounding flooding surfaces in coeval shallow-marine 
strata (e.g. Flores et al. 1984; Dubiel et al. 2000; Hampson et al. 2011). The lower 
Blackhawk Formation contains clusters of channelised fluvial sandbodies, and the 
upper Blackhawk Formation 1, 2, and 3 intervals are characterised by more regularly 
spaced sandbodies that may lie upstream of delta-apex avulsion nodes (Fig. 4.12). 
These results suggest that sandbody clustering is associated with strata situated 
closer to the shoreline, where the effects of relative sea-level change were greater. 
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The results outlined above suggest that avulsion-generated stratigraphic architecture 
can be linked to sequence stratigraphic interpretations; however, there is still a lot of 
localised variability within the two formations suggesting that avulsion processes 
operated over smaller spatial scales (Jones and Hajek 2007). Early models of fluvial 
strata (so-called “LAB models”; Leeder 1978; Allen 1978; Bridge and Leeder 1979) 
typically focused on the architecture and geometry of channelised fluvial sandbodies 
and disregarded the surrounding fine-grained floodplain strata. Such deposits can 
influence channel form and behaviour, and the type of sediments transported by the 
river channel (Nanson and Croke 1992). As such, the stratigraphic architecture at 
any particular locality is strongly associated with sediment supply, avulsion dynamics 
and channel geometry (Strong et al. 2005). The recognition of different avulsion 
styles, facies successions and palaeosol types (such as characterised within the 
Blackhawk and Ness Formation) may therefore prove important for reconstructing 
local fluvial stratigraphic architecture (e.g. Mackey and Bridge 1995; Heller and 
Paola 1996; Aslan and Blum 1999). The degree to which these local aspects of 
stratigraphic architecture can be related to regional patterns is still not clear. 
 
6.2. Recommendations for Future Work 
 
6.2.1. Developing Techniques for Quantifying Spatial Distribution Patterns of 
Channelised Fluvial Sandbodies in Fluvial Systems. 
 
Statistical analysis of the Blackhawk Formation and the Ness Formation datasets 
suggest that fluvial channelised sandbodies can display specific distribution patterns 
within fluvial strata. Three types of spatial distribution pattern (clustered, regular, 
Page 307 
 
  Chapter 6. 
random) are observed within both case studies. Although this allows hypotheses to 
be formulated, further work is needed to understand exactly why such variability of 
stratigraphic patterns exists in the context of variations in sediment supply, 
aggradation rate and avulsion style. Therefore it is necessary to apply spatial 
statistical methods such as those used here to additional modern, outcrop, and 
subsurface datasets.  
 
A strong relationship between the value of lacunarity (heterogeneous versus 
homogeneous) and the spatial distribution pattern (clustered, random, regular) of 
channelised fluvial sandbodies was not apparent in this study (Fig 6.1). Lacunarity is 
a scale-dependent parameter which means that results may appear regular at a 
large scale but may appear more heterogeneous at a finer scale (Roy et al. 2010). 
Future work should develop understanding of the parameters used to measure 
lacunarity (e.g. size of panel area, spacing within clusters, spacing between clusters, 
size of sandbodies) and Besag’s L function (e.g. size of the panel area, number of 
centroids) in order to determine the applicability of such methods for future studies of 
fluvial stratigraphic architecture. Spatial statistical methods that incorporate the order 
in which channel avulsions take place and the resulting stratigraphic architecture 
also need to be developed (Phillips et al. 1989). One such method could use the 
compensational index (cf. Straub et al. 2009) which compares observed stacking 
patterns in a basin to what would be expected from complete spatial randomness. 
The compensation index uses the rate of decay of spatial variability in sedimentation 
between selected depositional horizons (seismic horizons calibrated against a 
biostratigraphic framework) with increasing vertical stratigraphic scale. This method 
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enables identification of specific time and space scales which are related to 
stratigraphic architecture (Wang et al. 2011; Straub and Pyles 2012). 
 
A recent research thesis by Huling (2014) suggests that spatial point processes 
could be improved by the development of an excursion threshold statistic (Madrid et 
al. 2012) which can measure the distance between each channel, and also the order 
of sandbody deposition (Huling and Holbrook 2014). Such a statistic could provide 
parameters for avulsion stratigraphy such as the distance between major avulsions, 
avulsion frequency, and possible avulsion hierarchy (Huling 2014; Pisel et al. 2014). 
Previous studies of avulsions have suggested that they are hierarchical in nature 
(e.g. Slingerland and Smith 2004). Therefore if multiple avulsions can generate a 
clustered spatial distribution pattern, the resulting fluvial stratigraphic architecture 
(size of channels, cluster variations) should be hierarchical in its nature (Huling 2014; 
Pisel et al. 2014; Pisel et al. 2015). In future, general spatial point statistical 
techniques need to be modified or applied in a hierarchical, scale-dependant way to 
make them applicable to geological datasets. As shown in Chapters 4 and 5 of this 
thesis, channelised sandbody dimensions in the Blackhawk and Ness formations 
varied stratigraphically and palaeogeographically (Figs. 4.7, 4.8, 5.14). For this 
study, the geostatistical methods (lacunarity, Besag’s L function) did not distinguish 
between sandbodies of different size or hierarchical level. Therefore future studies 
should consider whether avulsions of different scale could lead to the development 
of different sandbody-cluster sizes or styles, for example.  
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6.2.2. Implications for Hydrocarbon Reservoir Characterisation 
 
Clustered spatial distribution patterns of channelised fluvial sandbodies could 
increase reservoir connectivity (e.g. Huling 2014). Reservoir connectivity might be 
further enhanced by the occurrence of abundant crevasse splay sandstones of 
sufficient permeability to hydraulically connect channelised fluvial sandbodies 
(Slingerland and Smith 2004). The Ness Formation and the Blackhawk Formation 
both contain a significant proportion of fine-grained siltstone to medium-grained 
sandstone deposits that represent levees, crevasse splays and crevasse channels 
(29% for the Ness Formation, and 28% on average for the Blackhawk Formation, 
respectively; Figs. 3.11, 3.12, 5.11, 5.12). 
 
Sheet-like reservoirs are composed of amalgamated channel complexes and exhibit 
good continuity between injector and producer wells (Fig. 6.4A) (Larue and Hovadik 
2006). In comparison, if the reservoir consists of isolated channel complexes, 
surrounded by, or including non-permeable strata (e.g. Fig. 2.23 E-G), vertical and 
lateral continuity between the injector and producer wells may be reduced. The 
connectivity between such isolated channel complexes is critical, and may be high in 
3D volumes even if it appears poor in 2D cross-sections (Fig. 6.4B; Larue and 
Hovadik 2006). The Blackhawk Formation (average net to gross of the formation: 
12%; Fig. 4.9) and Ness Formation (average net to gross of the formation: 26%; Fig. 
5.15) both exhibit low-to-moderate net to gross ratios, suggesting that clusters of 
channels in both formations may be isolated from each other, unless there is 
significant variation in their 3D orientation (cf. Larue and Hovadik 2006; Villamizar et 
al. 2015). Avulsion by progradation or annexation have the potential to result in 
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regular or randomly stacked sandbodies that may be well connected (e.g. Figs. 3.10-
3.12, 5.11-5.12). However, connected sandbodies in such deposits could also define 
conduits that act as thief zones, or the channelised sandbodies may lack seals 
(Jones and Hajek 2007). Avulsion by incision may result in more pronounced 
compartmentalization of the reservoir due to the sharp juxtaposition of channelised 
reservoir sandbodies and non-reservoir, aggradational floodplain fines, which could 
limit sandbody connectivity (Jones and Hajek 2007). If the reservoir contains field-
wide impermeable layers, which may imply a regional, allogenic control on 
stratigraphy (e.g. the Middle Ness Shale, reservoir unit 2.5; Livera 1989) (Fig. 2.23 
E), reservoir connectivity will be decreased (Larue and Hovadik 2006).  
 
The results and methods used in this thesis can potentially be applied to numerous 
fluvial reservoirs, including the Mungaroo Formation, which is analogous in facies 
composition  and  depositional   environment   (broad  low  relief,  subsiding  coastal- 
 
Figure 6.4 Model simulations representing contrasting examples of channelised 
fluvial sandbody connectivity (after Larue and Hovadik 2006). A) Continuous 
sandstone sheet consisting of amalgamated channel deposits. B) Discontinuous 
channel complexes. The positions of injector (blue) and producer (green) wells are 
illustrated.  
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alluvial plain) to the Blackhawk Formation and Ness Formation case studies 
presented in this thesis. The fluvial-deltaic Triassic Mungaroo Formation forms the 
main reservoir of a multi-TCF (trillion cubic feet) gas play situated in the Rankin 
Platform of the Northern Carnarvon Basin, NW Shelf, Australia (Hocking et al. 1987; 
Heldreich et al. 2013). Facies associations within the Mungaroo Formation comprise: 
1) single and multistorey channelised fluvial sandbodies; 2) overbank mudstones, 
siltstones and coals; and 3) very fine-grained sandstones indicative of lagoonal 
and/or restricted embayment settings and periodic marine incursions (Stoner 2010). 
The stratigraphic architecture of the Mungaroo Formation reflects alternating cycles 
of marine transgression and regression of a fluvial-deltaic system that underwent 
overall transgression (Hocking et al. 1987). A sequence stratigraphic model for the 
Mungaroo Formation has been developed via basin-wide well correlations (Heldreich 
et al. 2013), but seismic data indicate that only a few coal zones and carbonate 
horizons (Crostella and Barter 1980) are of regional extent (Hocking et al. 1987). The 
stratigraphic complexity of the Mungaroo Formation thus requires detailed work to 
characterise patterns of stratigraphic architecture and sandbody distributions, define 
geobody dimensions and architecture, and investigate internal heterogeneity and 
reservoir connectivity (Ratcliffe et al. 2010). Future analysis of core data from the 
Mungaroo Formation could be combined with spatial statistical patterns of sandbody 
distribution from analogues such as the Blackhawk and Ness formations to enhance 
prediction of the spatial distribution and connectivity of channelised fluvial 
sandbodies.  
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6.2.3. Future Research on the Blackhawk and Ness Formation Datasets 
 
6.2.3.1. The Blackhawk Formation 
 
Future research on the Blackhawk Formation could involve drilling wells into a 
carefully selected field locality, in order to more closely link subsurface data to the 
outcrop analogue. A fluvial classification scheme categorising individual storeys and 
channel-belts could be applied to Blackhawk Formation by tracing channelised 
sandbodies across the outcrop. Such a scheme should then be compared against 
analogues of different scale to help constrain fluvial modelling studies (Colombera et 
al. 2012). Muddy Creek may provide a suitable field site for applying a facies 
classification scheme because the deposits are well exposed and easier to access. 
Muddy Creek is situated about 8 km north-northwest of Emery, Utah, U.S.A (Fig. 6.4) 
and comprises a cliff face section >100 m thick by c. 1 km wide (Fig. 6.5). Measured 
section data recorded from outcrop and cores data taken from this locality could 
improve understanding of fluvial architecture and resulting connectivity at the inter-
well scale, provide palaeocurrent directions (which are limited in the current dataset), 
and further constrain channel storey and channel-belt sandbody dimensions. 
  
6.2.3.2. The Ness Formation 
 
Since production of the Brent Field initiated in 1976, development of the reservoir 
has been a dynamic and long-term process. Future research should analyse 
dynamic data (e.g. pressure data, well  production data,  history-matched  simulation 
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Figure 6.5 Geologic map of the eastern Wasatch Plateau outcrop belt (Williams and 
Hackman 1971; Ellis and Frank 1981; Witkind et al. 1987; Weiss et al. 1990; Witkind 
and Weiss 1991; Dubiel et al. 2000; Doelling 2004; Hampson et al. 2012), 
highlighting the location of the Muddy Creek field area. 
 
Figure 6.6 Photograph of the proposed Muddy Creek Field locality, Wasatch 
Plateau, Utah, U.S.A. 
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model results) to test the predictions of sandbody distribution and connectivity, and 
associated reservoir architecture, outlined in Chapter 5 of this thesis 
 
 6.3. General Conclusions 
 
In summary, the early to middle Campanian Blackhawk Formation of the Wasatch 
Plateau, central Utah, U.S.A., and the late Bajocian Ness Formation of the Brent 
Field, U.K. North Sea, contain alluvial to coastal plain strata associated with wave-
dominated deltas. This study uses a multidisciplinary dataset consisting of oblique 
aerial photographs, measured sections from outcrop and core, stratigraphic cross 
sections of subsurface and outcrop stratigraphy, and spatial statistical methods 
(Besag’s L function, lacunarity) to characterise patterns of fluvial sandbody 
distribution in the two units. Lithofacies and architectural analysis of channelised 
fluvial sandbodies and their relationship to surrounding non-channelised overbank 
and floodplain fines are used to interpret the range and relative abundance of 
avulsion styles, and assess their paleogeographic and stratigraphic variation. 
Besag’s L function and lacunarity are used to quantitatively characterise and analyse 
the geometry and distribution of channelised fluvial sandbodies. The research 
conducted for this thesis leads to the following conclusions:    
 
• Four principal facies associations are interpreted: (1) channelised fluvial 
sandbodies resulting from single storey and multistorey amalgamation of 
channel-belts; (2) non-channelised fluvial sandbodies comprising a series of 
coarsening-upward and fining-upward units associated with levees, crevasse 
splays, and crevasse channel deposits; (3) aggradational floodplain fines 
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consisting of mudstones, siltstones and coal beds; and (4) lagoonal 
mudstones, siltstones, and sandstones.  
 
• Pedogenic modification is observed within each facies association however 
palaeosols are more common in non-channelised fluvial sandbodies and 
aggradational floodplain fines. Palaeosols comprise poorly-to-strongly 
developed entisols, inceptisols, and histosols which are associated with 
single, compound (overprinted), and composite (stacked) palaeosol profiles. 
 
• Three styles of avulsion can be identified; avulsion by annexation, avulsion by 
progradation, and avulsion by incision. Avulsion by annexation is represented 
by a series of vertically amalgamated multistorey sandbodies, and records re-
occupation of previously abandoned palaeochannels. Avulsion by 
progradation is characterised by a channelised fluvial sandbody that directly 
overlies a series of upward coarsening non-channelised fluvial sandbodies, 
reflecting deposition by crevasse splays and levees. Avulsion by incision is 
represented by a channelised fluvial sandbody that directly overlies non-
channelised aggradational floodplain fines, indicating channel erosion into a 
relatively distal area of the floodplain associated with a low proportion of 
overbank sandstones.  
 
• In general, the stratigraphic architecture of the Blackhawk Formation and the 
Ness Formation is associated with an upward increase in the width of 
channelised fluvial sandbodies, increase in net-to-gross ratio, and a 
corresponding decrease in the number of sandbodies per unit area. These 
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trends suggest an increase in lateral channel migration and/or widening of 
channel belts from base to top of each formation. 
 
• Lacunarity decreases from base to top of the Ness and Blackhawk formations, 
indicating that a wider range and variance of gaps occurs between 
sandbodies as the proportion of channelised sandbodies and mean apparent 
sandbody width increases. Localised clustering of sandbody centroids are 
also apparent in the lower part of the Blackhawk Formation, which comprises 
lower-coastal-plain strata (<50 km from the coeval shoreline), and throughout 
the Ness Formation. Comparison with generic numerical modelling studies 
suggests that such clustering likely reflects avulsion of deltaic distributary 
channels in locations downstream of long-lived avulsion nodes, which may 
also have been modulated by high-frequency relative-sea-level cycles. 
Sandbody centroids show a weak tendency for regular spacing, which may 
reflect compensational stacking, in both formations. Regular spacing is more 
common in the Upper Blackhawk Formation. 
 
• The relative proportions of different facies associations, palaeosol types, and 
avulsion styles lack consistent trends with stratigraphic interval and with 
paleogeographic location. The apparent absence of temporal or spatial trends 
in avulsion style implies that avulsions were autogenic in origin, and occurred 
in a similar manner under a range of distances from the coeval shoreline (c 0-
100 km) and under variations in long-term tectonic subsidence rates (80-700 
m/ Myr).  
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• In combination, these results imply that spatial and temporal variations in 
autogenic avulsion were a dominant control on stratigraphic architecture, and 
occurred under a range of sediment accumulation rates (cf. tectonic 
subsidence rates) and distances from the coeval shoreline.  
 
• This study shows that avulsion generated stratigraphic architectures are 
highly variable in low-moderate net-to-gross fluvial stratigraphy, and aspects 
of these architectures are poorly predicted by current sequence stratigraphic 
models. 
 
• Future studies should focus on avulsion-generated patterns of sandbody 
distribution which could influence the connectivity of fluvial reservoirs. 
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Supplementary data to support this thesis consists of sedimentary logs, photo panels 
and interpretations from key localities, as well as full geometric data (tables, graphs) 
for channel-belts in the Blackhawk and Ness Formations. 
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